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Abstract 
 
 
As a major group of agricultural commodities, legume grains are widely grown and 
consumed globally, but are often utilised in the whole form. With increasing evidence 
of nutritional benefits, these grains are potentially sources of novel ingredients including 
starches. Accordingly the objective of this study has been to investigate legume 
starches, particularly their isolation, characterisation and incorporation into selected 
food products. 
 
Using chickpea, faba bean, lentil and mung bean, extraction procedures for the practical 
isolation of legume starches have been evaluated. The soaking time required for 
penetration of extracting solution to soften the seeds was affected by grain size and the 
thickness of the seed coat. Another issue encountered with starch isolation was the 
presence of insoluble flocculent protein and fibre, retarding sedimentation and tending 
to co-settle with the starch, forming a coloured deposit which was difficult to separate. 
The method established is relatively simple, involving grain cracking, steeping in a 
mildly alkaline solution, followed by washing, double blending, double sieving and 
sedimentation. The starches collected for the four legumes were oven dried and the 
recoveries ranged between 29 and 38%. 
 
The starches isolated from the legumes had total starch, protein and ash contents 
ranging between 98.7 and 101.8%, 0.16 and 1.22%, 0.12 and 0.21%, respectively (all 
expressed on a dry matter basis) and moistures of 13.4 and 14.4%, confirming that the 
isolation procedure gave relatively pure starches. Based on visual and instrumental 
assessments the samples were relatively clean and white with a minor contribution of 
colour from the seed coat. Scanning electron microscopy showed that the granules were 
typically ellipsoidal with some variation in size and shape for the different legume 
grains. Laser particle size analysis confirmed these observations and showed mono-
modal distributions with mean diameters between 19.6 and 23.9µm. X-ray 
diffractograms of legume starches were of the typical C-type, with variations in the 
intensities and peak distribution indicating some differences in the crystallinity of the 
starches. 
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Suitable conditions for the measurement of starch gelatinisation characteristics by 
differential scanning calorimetry were investigated. In particular, sample preparation, 
water content of the slurry and time of standing were evaluated. Sample placement 
within the pan influenced the reliability of results and the use of an instrument that 
utilised a much larger sample did not provide enhanced accuracy. When the optimised 
conditions were applied, the temperature of gelatinisation ranged from 58.9 for lentil to 
65.7 °C for mung bean with corresponding enthalpy values of 9.2 and 5.7 Jg-1. The 
appearance of the granules was also observed using a hot-stage optical microscope and 
the gelatinisation patterns confirmed those found by differential scanning calorimetry. 
 
The transmittance properties of pastes prepared at a concentration of 1% were compared 
under controlled conditions, demonstrating that all were opalescent with some variation 
in the clarity of the different legume starches. The pasting and viscosity properties 
measured by the Rapid Visco-Analyser showed some variation in pasting temperatures 
and considerable differences in peak readings with faba bean starch having lowest and 
mung bean the highest with values of 307 and 676 RVA units, respectively. 
 
In order to study the incorporation of the legume starches, two Asian food products 
having starch as an ingredient, were selected and adapted as model foods. In this 
context, vermicelli represented a savoury product and coconut cake a sweet product. To 
ensure that the vermicelli produced in this study resembled those manufactured 
commercially, samples were examined by scanning electron microscopy as well as 
sensory evaluation. The commercial samples had considerable variation in shape, 
dimensions, microstructure and sensory attributes. The final formulations for both 
products were established on the basis of sensory profiles. The impact of the various 
starches on quality attributes of the food products was then evaluated by a sensory 
panel. The colour had a significant impact on preference; generally lighter coloured 
products were rated as more highly desirable. Vermicelli and coconut cake samples that 
incorporated chickpea starch were both preferred by most of the panellists over those 
containing the other legume starches. Age and cultural background appeared to have no 
significant influence on sensory preferences. 
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The overall conclusions are that the starch extraction method adapted in this 
investigation was a practical approach, producing relatively pure, white starches. The 
characteristics of the four legume starches showed many similarities, but there were 
some variations in the properties, indicating that there may be different applications for 
their incorporation into food formulations. Sensory evaluations confirmed the 
usefulness of the starches as food ingredients that provide attractive mouthfeel and 
textural characteristics. Therefore legume starches offer potential as novel food 
ingredients warranting further evaluation and larger scale feasibility studies. 
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Explanatory notes 
 
The purpose of these notes is to briefly describe the approaches adopted during the 
preparation of this thesis. They relate to the nomenclature of vitamins and other 
chemical compounds, spelling, units of measurement, the expression of analytical 
results, as well as the referencing of literature sources: 
1. Legume and pulse are used interchangeably when referring to the grains which are 
produced by crops of the family Leguminosae and studied during this 
investigation. 
2. Where alternative spellings are in common use then the British rather than the 
American approach has been adopted in the text. Examples include the term 
colour (rather than color), words ending with –ise (rather than –ize) and some 
technical terms. 
3. Generally, for the presentation of results SI units have been used, particularly for 
vitamin contents. It is noted that this differs from the approach generally used in 
food composition tables and much of the relevant scientific literature where 
nutrient data are expressed per 100 g of food. Accordingly, for comparison 
purposes some literature data was recalculated prior to presentation here. 
4. Generally experimental data is presented on a dry weight (or dry matter) basis 
rather than a fresh weight (or as is) basis unless otherwise clearly specified. Some 
literature values have also been recalculated to facilitate comparisons. 
5. In the citation and listing of references and information sources, the current 
recommendations of the Institute of Food Technologists (IFT) for the Journal of 
Food Science (IFT 2002) have been applied throughout (see page 184). 
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Chapter 1 
 
Introduction 
 
 
 
The purpose of this chapter is to provide a very brief overview of the research program 
described in this thesis on the molecular characteristics and interactions of the starch 
granules of pulse grains. In this context, it is noted that the words ‘pulses’ and 
‘legumes’ are used interchangeably in this thesis. The project has been developed on the 
basis of the following issues: 
 
• Starches from different plant sources vary in their chemical and physical 
characteristics as well as their gelatinization properties. As a result starches from 
particular plants find specific applications during food processing; 
• Despite the diversity of properties available in the commercial starches and 
modified starch products, there is potential for new starch products to find 
application in the development of novel foods; 
• Industrially the bulk of starch is currently obtained from wheat and maize (corn). 
Various other plant sources including legumes have the potential to provide starches 
with useful characteristics for development of new food products; 
• Legume grains are relatively inexpensive agricultural commodities but they are very 
significant in human diets, a dietary staple in many countries and provide essential 
nutrients for many consumers; 
• In 2005, Australia produced two million tonnes legumes; in the larger picture, sixty-
one million tonnes per year were produced globally; 
• Novel starches may also provide enhanced value-adding options for producers of 
leguminous crops and would represent valuable exports; and 
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• There has been limited research published on the starches of the more widely 
cultivated leguminous crops. Even less is known of some of the other pulses and 
their potential application as an ingredient in food processing. 
Accordingly, this thesis is based on the hypothesis that legume starches could provide 
useful ingredients for food processing and may be added to replace starches currently 
used in food formulations. This thesis reports on practical isolation of the starch 
granules of pulse grains, and the properties of the resultant starches, including their 
application in model food systems. 
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Chapter 2 
 
Background and literature review:   an overview of legumes 
and their role in human nutrition 
 
 
 
The purpose of this chapter is to provide background and a brief review of legumes and 
the role they play in human diet. An overview of the legumes in the raw commodity 
form is provided. The particular focus is the four different legumes, namely chickpea, 
faba bean, lentil and mung bean, which form the basis of this study.  
 
2.1 Introduction 
 
Cereals and pulses are the two main groups of grain crops that are grown around the 
world. These two groups are the staple foods of most of the world population. Some 
part of the world might favour one over the other, but they are often consumed in a 
combination. Pulses are also known as “the poor man’s meat” (Aykroyd and Doughty 
1964), as they regularly replace meat, cheese, eggs and fish in the diet, especially during 
the harsh time of poverty. 
 
2.2 Legume grains and their classification 
 
The terms legume and pulse are used interchangeably in this study to refer to the seeds 
of plants of the legume family. Pulse is an English word that is derived from the Greek 
Poltos that means porridge of meal, from the Latin word Puls or Pultis, which means 
pottage or porridge, Old French pols, and Middle English Puls (Scott 1980; Michaels 
2004). Legume, from the Latin Legumen, is an alternative term for the edible seeds of 
pulse, which means any leguminous plants (Aykroyd and Doughty 1964). 
 
Legume plants belong to the family variously referred to as Fabaceae or Leguminosae 
within the order Fabales. In various literature sources it has been reported that, to date, 
approximately thirteen to eighteen thousand species of legume have been discovered 
(Aykroyd and Doughty 1964; Scott 1980; Encyclopedia Brittanica 2006). 
 
Chapter 2 
 
 
4 
A typical mature legume seed has a seed coat, the miniature plant or embryo as well as 
two cotyledons (Figure 2.1). The seed coat protects the embryonic structure and reduces 
water absorption and microbial contamination. Figure 2.2 illustrates the cellular 
structure of the seed coat and cotyledon tissues of mung bean. Although some pulses do 
contain a distinct endosperm structure, in most pulses, the cotyledons represent the 
largest proportion of the dry seed, and they typically contain a reserve supply of starch 
and protein for growth (Vebersax and Occena 1993). It is noted that some leguminous 
grains contain materials other than starch as the primary energy reserves with the best 
known examples including peanuts and soybean in which oil is present in considerable 
quantities. It is also well documented that, in some of the commercially important pulse 
grains, the arrangement and dimensions of the cotyledon cells influence the texture of 
legumes and the nutrient availability after processing (Fujimura and Kugimiya 1994; 
Fujimura and others 1995). 
 
 
 
Figure 2.1 Cross sectional drawing of a typical mature legume seed 
 
Notes 1 The figure specifically shows a broad bean seed with one cotyledon removed 
 2 Figure sourced from Kadam and others (1989) 
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Figure 2.2 A cross-sectional drawing showing the cellular structure of mung bean 
seed coat and cotyledon 
 
Note Figure sourced from Kadam and others (1989) 
 
 
As substantial areas of legume grain crops are grown widely around the world (Table 
2.1), their contribution to the world economy is undeniable. The pulses are primarily 
sold in raw commodity form, but increasingly as value-added products in the more 
recent years. In year 2005, approximately sixty-one million tonnes of dry seed legumes 
were produced globally, with beans on top of the list (Table 2.2). The continent that 
produced the most legume grains in the same year was Asia and the Pacific, which was 
thirty-one million tonnes (Table 2.3). 
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Table 2.1 A comparison of world production, food quantity and consumption 
per head of pulses, starchy roots and cereals in year 2003 
 
Grouping of 
commodities 
Production 
quantity 
(tonnes) 
Food quantity 
(tonnes) 
Consumption as 
food/head/year 
(kg) 
Cereals 1,886,062,300  948,876,440  151.07  
Starchy roots 692,444,131  405,290,156  64.52  
All pulses 58,033,210  38,328,670  6.10  
Beans 19,924,543  15,612,282  2.49  
Peas 10,121,210  4,046,457  0.64  
Pulses, Other 27,987,457  18,669,930  2.97  
 
Notes 1 Data adopted from FAO (2006) 
 2 Data for cereals excludes that used in beer production 
 
 
Table 2.2 World production of legumes in year 2005 
 
Production 
Legume 
Tonnes % 
Beans, dry 18,747,741 30.6 
Broad beans, dry 4,634,999 7.6 
Chickpea 8,694,192 14.2 
Cow peas, dry 3,766,540 6.2 
Lentils 4,059,587 6.6 
Lupins 1,270,518 2.1 
Peas, dry 11,200,290 18.3 
Others 4,174,541 6.8 
Pulses, total 61,257,664 100 
 
Note 1 Data was adopted and calculated from FAO (2006) 
 2 The figure for Pulse, total does not equal the sum of the individual 
pulses shown as there are pulses which have not been included in 
the table. The values shown represent 92.3% of the total figure. 
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Table 2.3 Production of legumes by continent in year 2005 
 
Production 
Continent 
Tonnes % 
Africa 9,604,362 15.7 
Asia and the Pacific 30,948,154 50.5 
Europe 7,516,125 12.3 
North and Central America 9,218,165 15.1 
South America 3,957,578 6.5 
World total 61,257,664 100 
 
Note 1 Data was adopted and calculated from FAO (2006) 
 2 The figure for World total does not exactly equal the sum of the continent values 
shown 
 
The yearly production figures of some pulses, cereals and other grains in Australia are 
shown in Table 2.4. The largest legume crop produced in Australia is lupins, and it is 
mainly produced in Western Australia. This is followed by the pea, where Victoria and 
South Australia are the main producers. Mung bean (summer crop), chickpea and faba 
bean (winter crops) are some other major legume crops grown in Australia (Richards 
1994). The production of mung bean is primarily from Queensland (Lawn and Imrie 
1994), whilst the majority of the chickpeas are grown in Victoria (Knights 1994), faba 
bean is mainly grown in Victoria, New South Wales and South Australia (Hawthorne 
1994a), and lentil is also a winter crop that is grown in South Australia and Victoria 
(Hawthorne 1994b). 
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Table 2.4 Australian grain production in 2005  
 
Crop Production (tonnes) 
Beans, dry 50,000 
Broad beans, dry 329,000 
Chickpeas 116,000 
Cow peas, dry 0 
Lentils 185,000 
Lupins 1,075,000 
Oats 1,353,000 
Peas, dry 438,000 
Rice, paddy 323,000 
Sorghum 2,177,000 
Triticale 675,000 
Wheat 25,090,000 
 
Note Data was adopted from FAO (2006) 
 
 
Australian pulse production has seen an increase which is almost tenfold, from 1961 to 
2005, whereas for cereals the corresponding change has been a fourfold increase (Table 
2.5). This demonstrates that Australia has the capacity to increase production, that the 
pulse crops are relatively well adapted to a range of growing environments and that 
there is the possibility that areas traditionally utilised for cereal production could be 
used for pulses if the market conditions favoured this. 
 
Legumes are cultivated for various usages, predominantly for stockfeed and human 
consumption. Based upon data from FAO (2006), 66% of the world production of some 
of the major dry legumes in year 2005 was used for human consumption, and, on 
average, each person consumed 6.1kg of pulses per year (Table 2.1). 
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Table 2.5 A comparison of Australian annual production of cereal and pulse 
grains for selected years from 1961 to 2005 
 
Production (tonnes) 
Crop 
1961 1970 1980 1990 2000 2005 
Cereal 9,149,882 12,904,533 16,402,312 23,045,332 34,446,938 39,859,500 
Pulse 22,644 42,300 173,847 1,353,670 2,150,000 2,193,000 
 
Note Data was adopted from FAO (2006) 
 
 
Pulses are widely used for human consumption in developing countries, whereas in 
industrialised economies they are primarily used as stockfeed. The use of pulses as both 
food and as stockfeed has increased in recent years, although the growth rate for pulses 
as a stockfeed was considerably greater than as a food (Richards 1994). According to 
Vebersax and Occena (1993), pulse consumption is high in Central and South America, 
Africa and Asia, and pulses are beginning to be more commonly consumed in other 
areas, due to the high levels of nutrients they provide, while being lower in calories than 
animal protein sources. 
 
In relation to nutrient composition, legumes consist mainly of carbohydrates, protein and 
fat. A comparison of nutritional values of legumes and other foods are shown in Table 
2.6. Pulses are consumed for proteins (16 to 33%) and slow release carbohydrates 
especially starch. They are also an important source of vitamins (thiamin, riboflavin, 
niacin, vitamin B6, folic acid), dietary fibre (14 to 19%), especially soluble dietary fibre, 
minerals (Ca, Fe, Cu, Zn, P, K, Mg), and free unsaturated fatty acids. They contain very 
little sodium, and no cholesterol (Tharanathan and Mahadevamma 2003). Although most 
of the legumes are low in fat, they are usually rich in essential fatty acids (Scott 1980). 
Some pulses are particularly high in fat, which are good for oil extraction. The two 
significant pulses within this category are peanut and soy bean. 
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Table 2.6 Nutrient information of pulses in comparison with other food products 
 
Nutrient composition (%) 
Product 
Carbohydrate Protein Iron Thiamin Riboflavin Calcium 
Pulses 7.8 - 73.2 8.7 - 43.3 0.4 - 27.4 Values vary but are relatively high 
Fish 0.0 16.4 11.7 0.05 0.08 25 
Egg 0.9 12.4 1.0 0.10 0.30 50 
Milk 51.0 36.0 13.0 0.35 1.80 12 
Beef 0.0 19.0 1.1 0.07 0.17 11 
Wheat 75.5 10.9 4.0 0.13 0.04 16 
Maize 73.5 9.3 0.7 0.35 0.09 6 
Rice 78.9 6.7 0.5 0.08 0.03 10 
 
Note Sources of data used were Aykroyd and Doughty (1964), and Nwokolo and Smartt (1996) 
 
 
Pulses are high in protein content, and therefore they are primarily grown as a protein 
source. Their protein contents are usually between 20 to 40% (Vebersax and Occena 
1993). They are generally a more economical source of protein than animal products, 
and form a major dietary component of poorer population. 
 
Most of the pulses are rich in complex carbohydrates, and have a total carbohydrate 
content ranging from 24 to 68%, on a dry weight basis (Aguilera 1993; Ratnayake 2001; 
Hoover and Zhou 2003). Therefore pulses can supply the body with a significant amount 
of energy source when they are consumed. Starch makes up a considerable amount of 
the carbohydrate content, with 24 to 56% starch in dry pulses. 
 
Legumes can be a good source of dietary fibre, with a crude fibre content varying from 
1.2 to 13.5%, depending on the species of the legume. Crude fibre is contained mainly in 
pulse seed coats and cell walls. The major fibre component in peas and beans is 
cellulose, whereas in many other legumes it is hemicellulose. Most of the fibre is 
soluble, which is believed to help regulate blood cholesterol (Aguilera 1993). 
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The digestibility of both starch and protein in most dry legumes is lower than in cereal 
grains. Decreased digestibility is caused by increased dietary fibre content, along with 
intact cell walls (Tovar 1992) which prevent digestive enzymes from gaining access to 
starch and protein. The methods for processing legumes may also be important (Sharma 
and Sehgal 1991; Tovar and Melito 1996; Li 1995). Incomplete digestion of protein 
means a loss of essential nutrients. However, slow digestion of starch is beneficial as it 
reduces hyperglycaemia and other risks in the development of cardiovascular disease 
(Bennink and Srisuma 1989). 
 
The vitamin and mineral content of pulses is also of significance. Pulses contain 
valuable amounts of minerals such as phosphorus, zinc and magnesium, and vitamins 
such as thiamine and riboflavin (Vebersax and Occena 1993). It is believed that zinc 
and magnesium is a good combination to prevent cold and flu, whereas thiamin and 
riboflavin help boosting energy (Wahlqvist?). 
 
A lot of studies showed the nutritional values of the edible varieties of pulses, and more 
studies even showed disease curing or therapeutic properties (Madar and Stark 2002). 
Pulses belong to a group that elicits the lowest blood glucose response. Several reports 
claim that inclusion of pulses in the daily diet has many beneficial physiological effects 
in controlling and preventing various metabolic diseases such as diabetes mellitus, 
coronary heart disease and colon cancer. The role of pulses, as a therapeutic agent, in 
diets of persons suffering from metabolic disorder is gaining interest (Tharanathan and 
Mahadevamma 2003). The consensus of recent opinion on healthy eating habits favours 
an increase in the proportion of pulse-based polymeric plant carbohydrates including 
starch in the diet. 
 
Some of the more popular legumes consumed around the world are mung bean, lentil, 
chickpea, pea, red bean, black bean, and faba bean. Four different pulses were 
investigated in this study, they were chickpea, faba bean, lentil and mung bean. Table 
2.7 includes some naming information of these four legumes, the naming of legumes 
could vary from different references (Scott 1980; Malhotra and others 1987; Michaels 
2004). More detailed nutritional information of those legumes is shown in Table 2.8. 
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Table 2.7 Various names for chickpea, faba bean, lentil and mung bean 
 
Legume Botanical name       Other common names 
Chickpea Cicer arietinum Bengal grain, ceci, garbanzo pea 
Faba bean Vicia faba 
Fava bean, feve, field bean, broad bean, haba, horne 
bean, horse bean, pigeon bean, Windsor bean, wox 
bean 
Lentil Lens culinaris Burssum, lenteja, lentille, manssor, masur, red dhal, 
split pea 
Vigna mungo Black gram, kambulu, urd, uride Mung bean 
Vigna radiata Chickasano pea, green gram, golden gram, oregon pea 
 
Note Sources of information were Scott (1980), Malhotra and others (1987), and Machaels (2004) 
 
 
 
2.2.1 Chickpea  
 
Chickpea, or Cicer arietinum, is a cool season pulse crop grown in more than 45 
countries of the world (Muehlbauer and Singh 1987; Malhotra and others 1987). It is a 
pulse grown largely for human consumption, however it is also relatively significant in 
animal nutrition (Sotelo and Adsule 1996). Australia produces approximately 250,000 
tonnes of chickpeas and around 95% of this are exported (Sabapathy 2005). 
 
Chickpeas have been divided into two types based on the seed characteristics and 
geographic origin (Chavan and others 1989; Knights 1994). Desi chickpeas are of 
Indian origin and are small, angular seeds that are wrinkled at the beak with typical 
colours including brown, light brown, fawn, yellow, orange, black, or green. On the 
other hand kabuli chickpeas (Figure 2.3) originate in the Mediterranean and Middle 
Eastern areas and are large, rounder seeds having white to creamy colour (Chavan and 
others 1989; Knights 1994). In Australia most of the desi cultivars are processed into 
dhal by removing the seed coat and separating the two cotyledons. In turn, a significant 
amount of dhal is milled into a flour known as besan. Consumption of desi chickpeas is 
however, primarily in India. Kabuli chickpeas are consumed widely in West Asia, North 
Africa, Europe and America. They are not processed before cooking and are often 
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included in soups as the whole seed, or may be ground to make felafel or hommos 
(Knights 1994). 
 
Table 2.8 Nutritional information of chickpea, faba bean, lentil and mung bean 
 
Content (per 100g dry seeds) 
Nutrient 
Chickpea Faba Bean Lentil Mung Bean 
Carbohydrate (g) 70.8 61.0 68.2 58.2 
Protein (g) 22.0 32.5 28.6 23.6 
Fat (g) 4.5 1.6 0.8 na 
Ash (g) 2.7 1.5 2.4 4.0 
Calcium (mg) 114 180 80 105 
Phosphorus (mg) 387 660 366 330 
Iron (mg) 6.2 na 5.5 7.1 
Magnesium (mg) 168 135 94 na 
Sodium (mg) 30 8 40 6 
Thiamine (mg) 0.3 0.5 0.5 0.5 
Riboflavin (mg) 0.2 0.2 0.2 0.3 
Niacin (mg) 2.0 1.8 3.0 2.5 
 
Note 1 Source of data was from Nwokolo and Smartt (1996) 
 2 na indicates no data found 
 
 
In relation to composition, there is apparently contradictory data on the protein contents. 
So for example it has been stated that the protein of chickpeas is typically 19% 
(Augustin and Klein 1989). On the other hand the protein content is in the range of 25 to 
29 % after dehulling (Hulse 1991), reflecting the relatively low levels of protein in the 
hull. Chickpea seed also contains 38 to 59% carbohydrate; of which almost 21% is 
reported to be starch. This is suitable for textile sizing, giving a light finish to silk, wool, 
and cotton cloth (Duke 1981). The seeds of chickpeas are also eaten fresh as vegetables 
and as a flour to make bread (Saxena 1990). Animal feed is another use of chickpea in 
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many developing countries. Medicinal applications of chickpea include use as an 
aphrodisiac and as an agent to mitigate against cholera, diarrhoea, snakebite, and 
sunstroke. Chickpea acids have also been found to lower blood cholesterol levels (Duke 
1981). 
 
 
 
Figure 2.3 The appearance of the chickpea sample used in this study 
 
 
2.2.2 Faba bean 
 
The faba bean or Vicia faba is also known as the field bean or broad bean (Figure 2.4). 
The crop is known by many names, most of which refer to a particular subgroup rather 
than the whole species (Lawes 1980). Common names for faba bean include Windsor 
beans (Vicia faba var. major), horse beans (Vicia faba var. equina), and pigeon bean 
(Vicia faba var. minor) (Malhotra and others 1987). It is a rigid, due to very tough skin. 
 
It is an annual pulse that has been grown for many years, as a protein source for both 
humans and animals (Waldroup and Smith 1989). The feed value of faba bean is high, it 
has been considered as a meat extender or substitute and as a skim-milk substitute 
(Duke 1981). Cultivated faba bean is used as human food in developing countries and as 
animal feed, mainly for horses, poultry and pigeons in industrialized countries. Growth 
of this bean largely occurs in temperate areas, in Europe, Africa and the Mediterranean 
area. The whole dried seeds of faba bean contain 59% carbohydrate, 20 to 41% of 
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protein, depending on both the bean variety and on the area it is grown (Chavan and 
others 1989). Research has been devoted to improving faba beans, due to its high 
protein content and its ability to adapt to temperate climates (Christou 1992). 
 
 
 
Figure 2.4 The appearance of faba bean used in this study 
 
 
2.2.3 Lentil 
 
Lentils (Figure 2.5) or Lens culinaris are a relatively new crop to Australia, with 
production being low in the past. Production has been increasing, with new more 
adaptable varieties becoming available. Lentils grow in the winter and are produced 
widely through the Mediterranean, southern Asia and America. Lentil plants grow many 
pods, which normally contain two seeds. Lentils are produced for human consumption, 
and are rarely used as a stockfeed. This is due to low yields, and premium prices paid by 
the food market (Hawthorne 1994b). 
 
Quality in lentil is based primarily on two factors: short cooking time and physical 
appearance. There are two different types of lentils based on their size and cotyledon 
colour. Green lentils are larger, and are used as whole seeds in cooking. The seed coat is 
green to brown, and the cotyledon colour is yellow. Red lentils are smaller, and are split 
for cooking. The seed coat colour can be light grey, brown or black and may be 
speckled. 
Chapter 2 
 
 
16 
Lentil is an excellent supplement to cereal grain diets because of its good protein and 
carbohydrate content. Lentil contains approximately 22 to 35% protein, 35 to 53% 
carbohydrate, 21% fibre, and 12% ash (Muehlbauer and others 1985; Adsule 1996). 
Protein content ranges from 22 to 35%, but the nutritional value is low because lentil is 
deficient in the amino acids methionine and cystine. The carbohydrates content ranges 
from 35 to 53% in the seed and 42% in dry matter while amylose varies from 21 to 39% 
of the seed starch (Huisman and others 1994; Hulse 1994). 
 
 
Figure 2.5 The appearance of lentil used in this study  
 
 
2.2.4 Mung bean 
 
Mung beans, Vigna radiata, have been grown in India since ancient times, and the 
whole bean is boiled or used in fried or spicy dishes. The bean may also be split and 
made into dahl, or used to produce sprouts. The dry bean can be milled into flour after 
removing the seed coat, and this can then be used as a source of starch in bakery 
products (Wilczek 1986). It is also widely grown in Southeast Asia, Africa, South 
America and Australia (Cupka 1987). Apart from food application, mung beans can be 
used as a green manure crop and as forage for farm animals. They are a small dried bean 
with green skin which may vary between yellow and black shades (Figure 2.6). 
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Like other pulses, mung bean is a good source of protein, vitamins, minerals and 
calories. The protein content of mung bean varies from 22 to 24%. The seeds are a good 
source of soluble carbohydrate which is about 58% in mung bean. It also contains very 
high amounts of crude fibre. The seeds contain high levels of phosphorus and 
potassium, but low amounts of calcium, iron, and sodium (Williams and others 1988; 
Augustin and Klein 1989). 
 
 
Figure 2.6 The appearance of mung bean used in this study 
 
 
2.3 Anti-nutritional and toxic factors in legumes 
 
Pulses contain several anti-nutritional and toxic factors. The presence of proteinase 
inhibitors lowers the digestibility of pulse proteins, by retarding proteolytic enzyme 
activity (Waldroup and Smith 1989; Michaels 2004). Lectins can agglutinate red blood 
cells and lathyrogens cause nervous paralysis. Phytic acids, tannins, saponins, allergens 
and amylase inhibitors are also present. Some of these factors are at least partly 
removed or inactivated during the cooking process (El-Adawy 2002). Most of these 
components are present only in small quantities, and therefore once cooked properly 
they do not pose a serious health risk as part of a varied diet (Sathe 1993). 
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2.4 Processing of legumes for human consumption 
 
Most pulses are consumed by simply soaking the dry seeds and then cooking in boiling 
water. Soaking softens the seed to reduce cooking time, and aids in removal of the seed 
coat. Soaking can also reduce the toxin content of legumes. Dry beans are usually 
soaked for 8 to 16 hours in cold water. Cracking or scouring of seeds with tough seed 
coats before soaking assists in moisture penetration. The heat during cooking is required 
to gelatinise starchy cotyledons, as well as to inactivate anti-nutritional factors. Heat 
also increases the tenderisation of the cotyledon, and improves legume flavour 
(Vebersax and Occena 1993). Canning has more recently increased the convenience of 
using beans. Quick cook legumes have also been developed, where the dry seeds are 
soaked in a solution of inorganic salts, then rinsed and dried. Grain legumes may be 
ground into a flour, and used in bakery products and snacks. The seeds can also be 
utilised in the production of sprouts which are popular in many Asian cuisines (Aguilera 
1993). 
 
2.5 Value-added products of legumes 
 
The Australian food processing industry is considering its future direction, to ensure 
maximum benefits in the production and marketing of pulses (Hooke 1996). There is an 
increasing potential for processing pulses into a more readily available and convenient 
food. This provides a challenge to food manufacturers and provides potential benefits to 
pulse consumers (McIntosh 1996). 
 
It is therefore vital that studies are developed to find out more about the properties of 
various pulses, and how they can be best utilised in today's foods. Whole cooked grains, 
or partially processed pulse products have potential as ingredients in the manufacture of 
many food products. These could be whole flours, flour fractions or refined 
concentrates, with flour containing primarily starch and protein (Hooke 1996). 
 
In summary, legume grains are reported to be high in both protein and starch content. 
During the isolation of the protein fraction, starch is potentially obtained as an 
additional product and with good yields. Currently, relatively little research into pulse 
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starch has been published in comparison with the starches prepared from cereal and 
tuber sources. None-the-less there is evidence that legume starches do have different 
physico-chemical characteristics than the starches used traditionally in the food 
processing industries. On this basis it appears that further investigation of these novel 
starches is warranted as they have potential benefits both in food processing and for 
human nutrition. 
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Chapter 3 
 
Background and literature review:   the structural and 
physicochemical characteristics of starch 
 
 
 
The purpose of this chapter is to provide background and review current knowledge on 
starch, its structure and physicochemical characteristics. The areas covered include a 
brief overview of starch, the components of starch, various analyses to study starch, and 
its application in products. In addition to those, relevant scientific literature on the 
legume starch will also be focused on the later part of this chapter. 
 
3.1 An overview of starch: sources, composition and structure 
 
Starch is one of the most abundantly available components, it is cheap and it is a good 
source of energy. Starch can be readily found in most plant tissues, for example, leaves, 
roots, shoots, fruits, grains and stems (Thomas and Atwell 1999; Preiss 2004). Starch 
bearing plants that are normally grown around the world include cereals, tubers and 
roots, vegetables, fruits and pulses. Starch occurs in granules that are relatively dense, 
and the granules from different botanical sources vary in their size and shape (Reddy and 
others 1989; Tharanathan 1995; Tharanathan and Mahadevamma 2003; Lawton 2004; 
Liu 2005). In some sources, the age of the starch could cause differences in the size of 
the starch granules (French 1984; Shannon and Garwood 1984). The size of granules 
falls in the range of 1 to 100 µm (Liu 2005). 
 
Starch belongs to the carbohydrates group (C6H12O6), and is the most important form of 
carbohydrate in our food (Davidson 1999; Izydorczyk 2005). Carbohydrates are 
classified into three groups, they are monosaccharides, oligosaccharides and 
polysaccharides. Monosaccharides, often called simple sugars, are the simplest units of 
carbohydrate, and commonly appear in processed food as D-glucose and D-fructose. 
Oligosaccharides are short chains of a few sugar units joined in acetal linkages, some 
common examples are sucrose, lactose and maltodextrins. Polysaccharides are polymers 
of monosaccharide units, which include agars, cellulose, pectins, gum and starch 
(BeMiller 2000). 
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Starch is a polymer in which the monomeric unit is the six-carbon sugar D-glucose, 
occurring in the ring form, which is also known as D-glucopyranose, and having only α 
linkages. The D-glucopyranose polymers are primarily linked together by α–1,4 and α–
1,6 glycosidic bonds (Thomas and Atwell 1999). The polymerisation of glucose in starch 
produces two types of polymers, amylose (Am) and amylopectin (Ap). Am is an 
essentially linear polymer with α–1,4 linked D-glucopyranose molecules, whereas Ap is 
a highly branched polymer with short α–1,4 linked D-glucopyranose chains and 5-6% 
non-randomly distributed α–1,6 linked D-glucopyranose (Vandeputte and others 2003). 
 
 
 
Figure 3.1 Electron micrograph of starch granules in a single chloroplast 
 
Notes Sourced from Nelson and Cox (2000) 
 
Apart from the two major components, there is a minor third component known as the 
intermediate fraction (Luckshman 2001; Tharanathan and Mahadevamma 2003). When 
starch is extracted from the plants, there is usually a small quantity of fat and protein that 
is still attached to the matrix. Other minor components that appear in starch are minerals 
which are also commonly referred to as ash (Vandeputte and Delcour 2004). 
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The properties of starch have been intensively studied over the years, and it is now 
known that starch from varying origins can display very different properties. This is 
caused, at least partly, by the considerable variability found in the ratio of Am to Ap 
(BeMiller 2000). Starch is added to various products including food products, according 
to their starch functionality. Many starches contain three Ap molecules for every Am 
molecule (Daniel and Whistler 1993). Am gives the starch a gelling property, whereas 
high Ap starch (also known as waxy starch) is non-gelling but has a cohesive and 
gummy texture (Thomas and Atwell 1999). 
 
From the data provided by the International Starch Institute (2004), world production of 
starch in 2004 was 60 million tonnes. It is estimated that maize starch contributed 40 
million tonnes to the world production, and the remaining 20 million tonnes having been 
prepared from cassava, sweet potato, wheat, potato as well as limited amounts from 
other sources. These other starches may include legume starches, and this category had 
only contributed a very small percentage of the world production. During 2004, the 
leading player in exporting starch was the North America region, which produced 
approximately two-third of the starch in the world. The other leading exporters were 
China, followed by Asia (other than China, Japan and Thailand), Europe, Japan, 
Thailand, and South America. 
 
3.2 Major components of starch: Am and Ap 
 
Am and Ap are the two major components in starch granules, and their ratio affects the 
properties of starch especially the starch rheology. Starch from leaves of the plants is 
formed during the process of photosynthesis, and is generally lower in Am content and 
smaller in molecular size than the starch in storage tissues of plants (Preiss 2004). In 
this context, the term storage tissue refers to fruit, grain, seed or tuber. For these the 
starch content typically changes during the growth and maturation of the tissues. In any 
particular case the granule population demonstrates a range of sizes and shapes. 
Furthermore, it is well established that not only the size and shape of granules vary from 
different botanical sources, those occurring in the storage tissues of a plant vary in size, 
shape and composition (Preiss 2004). 
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Generally Am is linear chains with α–1,4 linkages (Figure 3.2), while Ap is highly 
branched chains with both α–1,4 linkages and α–1,6 linkages (Figure 3.3), but some of 
the Am are branched to a small extent with α–1,6–D-glucopyranose, this happens at one 
per 170 to 500 glucosyl units (Preiss 2004). Each branch of the Ap has 15 to 30 α–1,4 
linkages (Hutton 2002), and the α–1,6 linkage branch point occurs at every 24 to 30 
glucose units (Nelson and Cox 2000). Am mainly constitutes of 840 to 22,000 units of 
α–D-glucopyranosyl residues linked by α–1,4 bonds. There are variations in published 
literature when it comes to the molecular weight of Am. Tharanathan and 
Mahadevamma (2003) reported values of 7.0 × 104 to 2.0 × 105, Nelson and Cox (2000) 
gave a range of a few thousand to over a million, Lawton (2004) quoted 105 to 106, 
while Preiss (2004) suggested around 1.36 × 105 to 3.5 × 106 Da. 
 
Ap has a much larger molecular weight than Am, which is >2 × 107 Da (Tharanathan 
and Mahadevamma 2003; Lawton 2004) and can be as high as 1 × 108 (Nelson and Cox 
2000) or 4 × 108 Da (Chandrasekaran 1998). There are many suggested models for 
structure of Ap. Some of the more widely known have been summarised by Manners 
and Matheson (1981), Mercier (1973), Watanabe and French (1980), Hizukuri (1986), 
Blanshard (1987) and Peiss (2004), including the original Meyer ‘tree-type’ structure, 
the revised Meyer structure proposed by Whelan and others, Haworth ‘laminated’ 
structure, Staudinger ‘comb’ structure, cluster models and polymodal chain distribution. 
According to Ratnayake and others (2002) and Stoddard (2004), most of the recently 
accepted models have a cluster type organisation in which crystalline arrays of double-
stranded helices alternate with amorphous regions of dense branching chains.  
 
The structure of Am and Ap is illustrated in Figures 3.2 and 3.3 demonstrating the 
configuration of the glycosidic linkages which are α–1,4 and α–1,6. Whereas Figure 3.4 
is one of the modal of Ap, generally known as cluster model. The clusters of Am and 
Ap shown in Figure 3.5 is believed to occur in starch granules (Nelson and Cox 2000). 
The composition of Am from various sources of starch is shown in Table 3.1. 
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Figure 3.2 Structure of Am 
 
Notes Sourced from Chibbar and others (2004) 
 
 
 
 
Figure 3.3 Structure of Ap 
 
Notes Sourced from Chibbar and others (2004) 
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Figure 3.4 A cluster model for Ap 
 
Notes 1 The rectangular blocks represent double helices. They are disordered in the dry state (top), 
but aligned in the hydrated state (lower). 
 
2 Sourced from Donald and others (2001) 
 
 
 
Figure 3.5 A cluster model for starch 
 
Notes Sourced from Nelson and Cox (2000) 
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Table 3.1 The comparison of Am content in various botanical sources 
 
Starch Am (%) 
Maize 26-31 
Waxy maize <2 
High-amylose corn 50-80 
Potato 23-37 
Tapioca 17, 27a 
Wheat 27-31 
Black gram 43.9 
Broad bean 22-35 
Lentil 21-46 
Mung bean 14-35 
Red gram 39 
Red kidney bean 18-37 
Soybean 15-20 
Wrinkled pea 63-75 
 
Notes 1 Expressed as the proportion (percent) of total starch 
 
2 Data tabulated from Blanshard (1987), Galliard and Bowler (1987), BeMiller and Whistler 
(1996), Reddy and others (1989), Lawton 2004 
 
 
3.3 Minor components of starch 
 
In addition to Am and Ap, there are small amounts of other components occurring in 
starch. They are categorised into three groups, particulate material, as well as surface 
and internal components. Particulate materials are fragments of non-starch material that 
separate with starch, surface components are associated with the surface of granules and 
can be removed by extraction, and internal components are materials that are buried 
within the granule and are inaccessible to extraction unless the granule has been 
subjected to disruption (Galliard and Bowler 1987). A summary of the minor 
components is listed in Table 3.2. 
 
The minor components found in greatest amounts are proteins and ash, which can be 
either at the surface or inside the starch granules (Vandeputte and Delcour 2004). They 
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are deposited in the granule during development of the grain or may be introduced 
during grain processing and can be considered as contaminants of the starch. Even 
though they are present in minor quantities, they are reported to have a substantial effect 
on physicochemical properties (Luckshman 2001). The ash of starch consists largely of 
phosphorus, calcium, potassium, sodium and silicon (Leszczynski 1989). Phosphorus 
may be covalently bound to the carbohydrate components in starch. Other mineral 
components of starch are calcium, potassium, magnesium and sodium in their ionic 
form (Vandeputte and Delcour 2004). The other components widely reported to be 
present in starch are lipids and these occur both on the surface and inside the starch 
matrix. The pattern of distribution has been found to differ between plant species (Liu 
2005). 
 
 
Content (g/100g) 
Component 
Maize Potato Wheat 
Ash 0.05-0.10 0.3-0.4 0.1-0.4 
Protein 0.2-0.4 0.05-0.20 0.1-0.6 
Lipid 0.5-0.9 0.0-0.2 0.7-1.2 
Phosphorus 0.02-0.03 0.04-0.13 0.05-0.12 
Pentosan 0.1 0.1 0.1-2.0 
 
Note    Information based on various sources including Galliard and Bowler (1987), 
Luckshman (2001), Vandeputte and Delcour (2004) 
 
Table 3.2 A list of minor components found in starch granules and their 
contents in various sources 
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3.4 Starch isolation 
 
There are a number of laboratory methods to extract starch from various sources (Paton 
1977; MacArthur and D’Appolonia 1979; Hoover and Sosulki 1985; Waczkowski and 
others 1989; Otto and others 1997; Agunbiade and Longe 1999; Benesi and others 
2004; Qi and Phillips 2004; Singh and others 2004; Sira and Amaiz 2004; Spigno and 
De Faveri, 2004; Verwimp and others 2004; Wang and Wang 2004). The method 
applied depends on the nature of the plant tissue which is the source of starch. Typically 
this would involve either milling into flour, followed by soaking in mild alkaline 
solution, or directly soaking in the solution without any preliminary milling procedure. 
The mild alkaline conditions serve to remove protein and non-starch carbohydrates 
(Paton 1977). In some cases the soaking solution used is water. Soaking is generally 
carried out at room temperature for a period described as overnight or for longer times. 
Alternatively, higher temperatures of approximately 50°C have been employed for a 
shorter period of time. The resultant softened material is then passed through a screen 
and is finally recovered by centrifugation or other sedimentation procedures. The 
collected starch can be dried using the energy of the sun or in an oven at a temperature 
of approximately 40°C. Legume starch isolation will be discussed in more detail in 
Section 3.7.2. 
 
Similar to the laboratory isolation procedures, the commercial isolation procedures also 
varied depending on the plant source and end use of the starch. One of the widely used 
methods is wet milling, which is usually used to extract starch from cereal grains. This 
method includes steeping, coarse milling, degermination, fine milling, screening or 
centrifugal separation, and drying. The main extraction processes for extracting tuber 
starch include soaking, disintegration, centrifugation and drying. Legume starch is 
isolated with aqueous techniques as well as pin milling and air classification (Liu 2005). 
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3.5 Starch analysis 
 
The chemistry and structure of starch granules has been widely studied and reviewed 
(Alavi 2003) due to their significance in the processing of many foods. More recently 
new methodology has become available for measurement of total starch content and 
damaged starch granules (based on enzymatic hydrolysis) and the relative proportions 
of Am and Ap using Concanavalin A precipitation (Megazyme International 2003). 
Methods for extraction and separation of cereal starches are well established 
commercially. 
 
In foods, starch is important due to its effects on the physical properties and particularly 
the texture of products. The changes that starch undergoes when heated with water are 
responsible for the character of many foods. The changes seen when granules are 
heated, depends upon the amount of moisture present (Hoover and Vasanthan 1994) and 
the pressure applied (Vasanthan and others 1995). With the absorption of water, 
granules swell. This volume increase is reversible until the temperature of gelatinisation 
is achieved. Gelatinisation is the disruption of molecular order within starch granules 
(Morris 1990). Continued heating of starch granules in water results in further granule 
swelling and leaching of soluble contents. Eventually total disruption will occur and a 
viscous paste will be produced. As a starch paste is cooled, hydrogen bonds become 
stronger and a gel forms. A gel is a liquid system having the properties of a solid. In the 
case of starches from different plant species, the gel characteristics can vary widely 
(BeMiller and Whistler 1996). 
 
The properties of starch when made into a paste are important. The consistency of a 
paste correlates with its strength, depending on the degree of gelatinisation and the 
resilience of the swollen granules. The texture of a starch paste is determined by the 
visco-elastic deformation, and can be long, short or stringy. This depends upon the 
interactions occurring between granules and the proportion of ruptured granules 
(Rapaille and Vanhemelrijck 1997). 
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Due to the functionality of starch in food products, the profile of starch undergoes 
heating and after heating have been the focus of a lot of studies. There are a lot of 
techniques used by researchers to investigate the gelatinisation process, which include 
light microscopy, electron microscopy, light transmission, viscometry, swelling and 
solubility determinations, calorimetry, differential scanning calorimetry (DSC), nuclear 
magnetic resonance (NMR), X-ray diffraction (XRD), and particle size analyser 
(Donovan 1979; Blanshard 1987; Pomeranz and Meloan 2000). While gelatinisation 
process is studied widely, the textural profiles of starches also interest researchers. 
Some of the instrument used for studying texture, viscosity and pasting are 
viscoamylograph, Rapid Visco Analyser (RVA) and Rheometer (Thomas and Atwell 
1999). Some of the other procedures used in the characterisation of starches are shown 
in Table 3.3. 
 
3.6 Applications of starch 
 
The application of starch is not limited to the food industry. It has been used widely in 
various industries and applied to all sorts of products. Some of the reasons for this are 
that starch is a renewable resource and it is biodegradable unlike synthetic polymers 
(Lourdin and others 1995). Table 3.4 provides an overview of the application of starch in 
various industries and the types of products and Table 3.5 illustrate the application of 
starch in food industry. Starches are added to food because of their functionalities, but 
native starches are alternatives to wheat flour for gluten-free products for coeliac 
sufferers who are intolerant to wheat gluten (Murphy 2000). 
 
Due to the properties of pasting and gelation, starch is a widely used additive in the food 
industry. Some functions of starch include, being used as an adhesive, binder, foam 
strengthener, gelling agent, moisture retainer, stabiliser, thickener and fat replacer 
(BeMiller and Whistler 1996). 
 
Starch often contributes attractive textural qualities to foods. The texture of foods can be 
manipulated by controlling the extent to which starch is allowed to gelatinise. Gelation 
depends on the temperature of treatment and the amount of water available (Kent and 
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Evers 1994). Sauces, pie fillings, bread and cakes are some examples of foods where 
starch provides attractive thickness and mouthfeel characteristics to the final products. 
 
Table 3.3 Various analyses used in starch characterisation 
 
Analysis Commonly applied approach(es) 
Appearance Scanning electron microscopy (SEM) 
Amylose/amylopectin NMR, Concanavalin A method (Yun and Matheson 1990) 
Ash AACC Method 08-17 
Clarity Procedure of Craig and others (1989) 
Colour Chroma meter 
Damage starch AACC Method 76-30A and 76-31 
Gelatinisation Polarised microscopic evaluation of birefringence, DSC, 
XRD, NMR, hot-stage optical microscope (HSOM) 
Gel strength Texture analyser 
Moisture AACC Method 44-15A 
Particle size Particle size analyser based upon laser light scattering 
Pasting AACC Method 76-21, Viscoamylograph, RVA and 
Rheometer 
Resistant starch Enzymatic method combined with use of dimethyl 
sulfoxide (Megazyme International 2003) 
Retrogradation DSC 
Swelling power Procedure of Crosbie (1991) 
Total starch content AACC Method 76-13 
Viscosity Viscoamylograph, RVA and Rheometer 
 
Notes Information based on various sources, including Donovan (1979); Moss (1976), Craig and 
others (1989), Yun and Matheson (1990), Crosbie (1991), Megazyme International (2003), 
AACC (1995), Thomas and Atwell (1999), and Pomeranz and Meloan (2000); Gunaratne 
and Corke (2004) 
 
 
Starch is added to dairy products for various viscosities. Usually 1-3% starch is added 
for pouring consistencies, 3-4% for medium viscosity, 4-6% for a thick and spoonable 
texture (Murphy 2000). Starch is used for a diversity of food products in different 
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countries, demonstrated by the description of starch being added into beer brewing, 
surimi products and confectionery in Japan (Taniguchi 2004). 
 
Pregelatinised starch is often used in baked products. It is used to suspend particulates 
in muffin mixes, reduce stickiness of dough, improve handling and machinability, and 
increase cake volume. It is also used to improve water binding ability for increasing 
moistness in the baked products and achieving a softer texture. It is used in glazes and 
icings to control the viscosity, colouring, softness and texture (Murphy 2000). 
 
Lipophilic starches are used in concentrated flavour emulsions for soft drinks and in 
encapsulated ingredients (flavours, creamers and flavour oils). This type of starch 
provides improve oxidation resistance and low temperature emulsion stability for the 
products (Murphy 2000). 
 
Converted or high Am starch is added in cheese analogues for gelled texture. In 
confectionery, high Am starches are used to build stronger gels with increased clarity 
and extended shelf life for the confections. They are also used in savoury snacks and the 
batter of deep fried products to reduce oil pick-up (Murphy 2000). 
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Table 3.4 Application of starch in various industries 
 
Industry Application 
Adhesive Binding 
Agrochemical Mulches, pesticide delivery, seed coatings 
Building Ceramics, coating (wood, metal), wallboard, 
fibreboard, ceiling tile, wallpaper 
Cosmetics Face and talcum powder 
Detergent Surfactants, suspending agent, bleaching agents and 
bleaching activators 
Domestic product Briquets, diapers, typewriter ribbons, trash bags, twine, 
cord, string 
Food Viscosity modifier, edible film, glazing agent 
Medical Plasma extender/replacer, transplant organ preservation 
(scaffold), absorbent sanitary products 
Oil drilling Viscosity modifier 
Paper and board Binding, sizing, coating 
Pharmaceuticals Diluent, binder, drug delivery (encapsulation) 
Plastics Food packaging, biodegradable filler 
Purification Flocculant 
Textile Sizing of warp yarns, finishing, printing, dyes, oil cloth 
 
Notes Literature adapted from Compton and Martin (1967), Nissen (1967), Osman (1967), Ellis 
and others (1998), Lawton (2004), and Taniguchi (2004) 
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Table 3.4 Application of starch in the food industry 
 
Food product Application and function 
Baked good As structure builder, texture and viscosity controller, 
shelf life enhancer and colouring 
Batter and breading To provides viscosity control that controls the quantity 
and thickness of the batter layer, the adhesion 
efficiency, visual effects (smooth to blistered), texture, 
storage and reconstitution stability, to reduce oil pick-
up (high Am starches) 
Beverage and encapsulated 
ingredients 
Emulsion stabiliser 
Confectionery As structure builder in coatings, as moulding medium 
to support the shaping of confections, as process aid 
Dairy product To achieve desired texture and viscosity 
Gravy, soup and sauce To increase opacity and change mouthfeel, as bulking 
agent to aid dispersion 
Mayonnaise and salad 
dressing 
As thickener and stabiliser 
Meat product As water binder to increase yields, reduce cooking 
losses, improve texture, sliceability and succulence, and 
extend shelf life 
Savoury snack Increases dough viscosity (Ap), strengthening dough to 
improve forming, cutting and to achieve a harder and 
more crunchy texture (Am), reduces oil pick-up (Am) 
 
Notes Literature adapted from Murphy (2000) 
 
 
3.7 Legume starches 
 
Starch along with protein, is one of the major components in most pulses. Hence it is 
economical to extract both components for further usage in various industries. As 
mentioned before, a lot of studies have done on starches (Sections 3.1 and 3.5), however 
little has been published on extraction of pulse starches where the challenge is different 
due to the relative solubility of pulse proteins. It is reported in various studies that native 
legume starches are less digestible than native cereal or cassava starches, but more 
digestible than native potato or high Am maize starches (Dreher and others 1984; 
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Hoover and Sosulski 1985; Ring and others 1988; Socorro and others 1989; Trovar and 
others 1991). Some recent studies have investigated the resistant starch issue and it 
appears that processing conditions influence its formation (Mauro 1996).  
 
3.7.1 Isolation of legume starch 
 
As reported by Hoover and Sosulki (1985), starch isolation from legumes is difficult 
because of the insoluble flocculent protein and and fibre, which decreases sedimentation 
and co-settles with the starch to form a brownish deposit. The main processes of 
isolating starch from legumes are steeping, washing, blending, screening, centrifugation 
or sedimentation, and drying (Waczkowski and others 1989; Agunbiade and Longe 
1999; Ratnayake and others 2002; Qi and Phillips 2004; Singh and others 2004; Lawal 
and Adebowale 2005). 
 
3.7.2 A comparison of starches from various sources 
 
The differences of starch characteristics from various sources, including tubes, cereals 
and legumes are demonstrated in Table 3.5. In the context of food processing and 
texture, the swelling patterns of starches are of great interest. As with starches generally, 
those of legumes have characteristics which are a consequence of the crystalline and 
amorphous regions of the granules and the presence of strong binding forces, which are 
overcome within a specific range of temperatures. Most legume starches are reported to 
have gelatinisation temperatures of 60 to 90°C along with relatively high viscosities, 
which can remain constant or increase during cooling (Vebersax and Occena 1993; 
Gujska and others 1994; Yanez-Farias and others 1997). 
 
The physical properties of native starches are determined primarily by the ratio of Am 
to Ap in the starch granule (Rapaille and Vanhemelrijck 1997). The amount of Am in 
legumes (10% to 66%) can influence starch solubility and other functional properties. 
Variations in Am content of different legumes can be the result of different stages of 
maturity, seed storage, cultivation differences and the genetic control of Am synthesis 
(Vebersax and Occena 1993). 
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Table 3.5 The characteristics of starch from various sources 
 
Starch Granule 
size (µm) Am Paste clarity 
Gelatinisation 
temperature (°C) 
Relative 
viscosity 
Maize 2-30 26-31 Opaque 62-80 Medium 
Waxy 
maize 2-30 <2 
Very slightly 
cloudy 63-74 
Medium 
high 
Potato 5-100 22-37 Clear 56-69 Very high 
Tapioca 4-35 17, 27 Clear 52-65 High 
Wheat 1-55 25-31 Opaque 52-85 Low 
Chickpea  5-9 na 63.5-68.0 na 
Black 
gram  44 na  na 
Broad 
bean  22-35 na  na 
Lentil  21-46 na 65.2-70.3 na 
Mung 
bean 9.5-47.5 14-35 na 72 na 
Red gram  39 na  na 
 
Notes 1 Data tabulated from Galliard and Bowler (1987), Chavan and others (1989), Reddy and 
others (1989), Singh and others (1989), Pomeranz 1991; BeMiller and Whistler (1996), 
Lawton (2004); Vermimp and others (2004) 
 
2 The values for Am are expressed in percentage of total starch 
 
3 na indicated no data available 
 
 
3.8 Modified starch, the application and importance in food industry 
 
Increasingly starches are modified for applications in food products. Modification 
extends the properties of starch for food use. Modification of starch could be achieved 
by altering the structure and affecting the hydrogen bonding in a controllable manner 
(Murphy 2000). Starch could be modified physically and chemically (Jane 1992; Xie 
and others 2005). Some of the modification techniques include cross-linking, 
stabilisation, conversions (acid hydrolysis, oxidation, dextrinisation, and enzyme 
hydrolysis), lipophilic substitution, pregelatinisation, and thermal treatment (Knight 
1967; Scallet and Sowell 1967; Shildneck and Smith 1967; Murphy 2000). 
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Acid modified starches may be used in gum confectionery, starch ethers are used in 
salad dressings, while starch phosphate esters are used for their freeze thaw stability. 
Cross-linked starch is used in baby foods and fruit pie fillings, as a thickener and 
stabiliser. Starch acetate esters are used in pie fillings due to their clarity and stability of 
cooked pastes (Daniel and Whistler 1993). 
 
3.9 Importance of starch in human diet 
 
As starch provides the major source of physiological energy in human diet, it has 
particularly attracted the attention of nutritionists and food technologists. Starch is 
broken down to glucose by amylase enzymes in human digestive system. Glucose is 
absorbed in small intestines into bloodstream and used as an energy source (Hutton 
2002). 
 
More recently researchers have discovered that, in some cases, starch components in 
foods are not readily digested and these demonstrate resistance to the rapid enzymatic 
hydrolysis that normally occurs (Berry 1986). These components are now referred to as 
resistant starch (RS) and increasingly there is evidence that these are beneficial to 
human health. Enzyme RS survives enzymatic hydrolysis in the upper gastrointestinal 
tract, and as a result there is little or no direct glucose absorption from these starches, 
but may be partially fermented by microflora in large bowel (Englyst and Macfarlane 
1986; Gee and others 1992). In the context of digestibility, starch could now be 
categorised into three groups, rapidly digestible starch, slowly digestible starch and RS 
(Tharanathan and Mahadevamma 2003). Generally there four distinct types of RS are 
recognised and these are summarised in Table 3.6 (Englyst and others 1992; Eerlingen 
and Delcour 1995; Englyst and others 1996; Brown 1996; Haralampu 2000). It is now 
well documented that RS have physiological effects similar to those of dietary fibre, 
causing increased microbial fermentation in the large intestine to produce short-chain 
fatty acids (Liu 2005). One of the highly successful commercial RS is Hi-Maize, 
released in 1993 by Starch Australia Ltd. (Brown 1996). 
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Table 3.6 Various types of RS 
 
Type Description 
RS I Physically inaccessible starch 
RS II Ungelatinised native starch granules 
RS III Retrograded starch 
RS IV Chemically or thermally modified RS 
 
Notes Literature adapted from Englyst and others (1992), Eerlingen and Delcour (1995), Englyst 
and others (1996), Brown (1996), Haralampu (2000) 
 
 
3.10 The potential of pulses as a source of novel starches 
 
Most pulses currently grown in Australia are exported without further processing. 
Australian production of pulses is expanding and similarly, around the world, there is 
the prospect that production of these crops will continue to expand. Whilst there is little 
emphasis on fractionation or further processing of pulses to provide specialised proteins 
or other materials for industrial exploitation, it is well established that a number of these 
grains contain relatively large proportions of starch. Therefore, there is potential for 
pulses to provide novel starches for food processing applications. In this context, the 
following Chapter describes the basis of the studies reported in this thesis on the 
isolation and characterisation of pulse starches. 
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Chapter 4 
 
Summary of background and description of the project aims 
 
 
 
The purpose of this chapter is to summarise the context in which this study has been 
developed and to describe the aims of the project. 
 
4.1 Summary of current situation and significance of the project 
 
This project has been developed in the context of increasing knowledge about pulse 
grains, in particular pulse starches. Whilst the production of pulse grains has 
experienced accelerated growth over the past decade, industry forecasts are for 
continuous growth (Canglobal Management Inc. 2001). Increasing knowledge of these 
grains and their nutritional significance is necessary. Although increased tonnages of 
pulses are available, there has been little development of novel processed foods in 
which pulses or fractionated components are a major ingredient. 
 
4.2 Hypothesis 
 
This project has been based upon the hypothesis that the characteristics of starches from 
legume sources may vary significantly from those of cereals and tubers. These 
differences may provide starches having useful properties and allowing their 
exploitation through incorporation as ingredients during food processing. 
 
4.3 Project aims 
 
The primary aim of this research project has been to isolate and characterise starch from 
a series of different pulse grains (chickpea, faba bean, lentil and mung bean), to study 
their molecular and granular characteristics, then to incorporate the starches into food 
products and evaluate the sensory quality of the products. The specific objectives are as 
follows: 
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1 To evaluate methods for starch isolation from legumes:  
This preliminary phase is essential as there are various isolation methods available, but 
to extract starch from legumes is difficult because of the insoluble flocculent protein 
and fibre, which decreases sedimentation and co-settles with the starch to form a 
brownish deposit. The main issue will be finding a method that is suitable to isolate 
starch from the four legumes in this study. Two other significant issues are: 
 
a) It is necessary to take into consideration that the chemical agents used are safe 
for human consumption; and 
b) The method should provide an acceptable yield of a reasonably pure starch. 
 
2 To analyse and compare starch isolated from legumes with commercial mung 
bean starch:  
A series of chemical and instrumental tests are run on the four laboratory extracted 
legume starches and a commercial mung bean starch. This is designed to investigate the 
physicochemical properties, thermal attributes as well as the molecular and granular 
characteristics of the starches. 
 
3 To incorporate and compare the isolated legume starches and the commercial 
mung bean starch in model food systems:  
The starches are added into food products and evaluated by a sensory panel. In order to 
find out if differences could be detected on various sensory attributes and if the overall 
sensory quality for the products is acceptable. 
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Chapter 5 
 
Materials and methods 
 
 
 
The purpose of this chapter is to outline the materials and methods used for this study. 
Description will be given on the legumes, chemicals, reagents, equipment and methods. 
This encompasses procedures applied in the extraction of legume starches, analysis of 
starches, and recipes for model food systems. 
 
5.1  Materials  
 
The legumes used for laboratory starch extraction are outlined in Table 5.1, the general 
chemicals are listed in Table 5.2, and the chemicals used for total starch determination 
are listed in Table 5.3. The chemicals used starch extraction and analytical procedures 
were of analytical grade or of the highest purity available, unless otherwise specified. 
Laboratory starches were used as reference at various parts of this study to validate a 
method or to compare with starches that were isolated from legumes. The list of these 
starches can be found in Table 5.4. A commercial mung bean starch was used as a 
control throughout this study; its details are described in Table 5.5, along with 
commercial ingredients used for the food model systems. All of the commercial 
products are bought from various shops in Melbourne. 
 
Table 5.1  Sources and details of pulse grains 
 
Pulse grain Description Supplier 
Chickpea Kabuli type Cultivar Nafice SARDI, Adelaide 
Faba bean Cultivar Farah SARDI, Adelaide 
Lentil Green seeded, Cultivar Matilda SARDI, Adelaide 
Mung bean Unnamed variety DPI Qld 
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Table 5.2 Sources and details of general laboratory chemicals 
 
Analysis Chemical (code, batch/lot) Supplier 
Starch isolation Sodium hydroxide AJAX1 
Protein Catalyst AJAX1 
 Sulphuric acid AJAX1 
 Hydrogen peroxide AJAX1 
 Boric acid AJAX1 
 Hydrochloric acid (0.1M) AJAX1 
 Ammonium sulphate AJAX1 
Particle size Hexane fraction, HL018, batch (10) 22900 Chem-Supply. 
Gillman, Australia 
 
Note 1Ajax Chemicals, Melbourne, Australia 
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Table 5.3  Sources and details of chemicals used for total starch determination 
 
Chemical Description Supplier 
Ethanol  AJAX
1
 
3-[N-Morpholino] 
propanesulfonic acid 
(MOPS) Sodium salt 
M-9381, lot 062K5433 Sigma Chemical Co, 
St Louis, MO, USA 
Thermostable α-amylase Megazyme Total Starch Assay Kit (AA/AMG 11/01) Megazyme
2
 
Amyloglucosidase Megazyme Total Starch Assay 
Kit (AA/AMG 11/01) 
Megazyme2 
Glucose oxidase-peroxidase 
Aminoantipyrine reagent 
Megazyme Total Starch Assay 
Kit (AA/AMG 11/01) 
Megazyme2 
Glucose reagent buffer Megazyme Total Starch Assay 
Kit (AA/AMG 11/01) 
Megazyme2 
Glucose standard solution Megazyme Total Starch Assay 
Kit (AA/AMG 11/01) 
Megazyme2 
Regular maize starch Megazyme Total Starch Assay 
Kit (AA/AMG 11/01) 
Megazyme2 
 
Note 1Ajax Chemicals, Melbourne, Australia 
2Megazyme International Ireland Ltd., Bray, Ireland 
All materials supplied by Megazyme were from Megazyme Total Starch Assay Kit 
(AA/AMG 11/01) 
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Table 5.4 Description of samples of laboratory starch 
 
Starch Description Supplier 
Lintner’s Cat 0030560 The British Drug Houses Ltd., 
BDH Laboratory Chemicals 
Division, Poole, United Kingdom 
Maize Cat 1547, batch 73236 Ajax Chemicals, Melbourne, 
Australia 
Potato Cat 1534, batch 92476 Ajax Chemicals, Melbourne, 
Australia 
Soluble AnalaR® Cat 10271, batch 
60447 
BDH Chemicals, Kilsyth, Australia 
Wheat Cat 561952 The British Drug Houses Ltd., 
BDH Laboratory Chemicals 
Division, Poole, United Kingdom 
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Table 5.5 Description of ingredients used in the preparation of food samples for 
evaluation of starches 
 
Ingredient Brand Description  Source 
Mung bean starch Pine Brand Manufactured date: 
28012005, expiry date: 
28012007 
Manufactured by 
SitThiNan Co., Ltd., 
Thailand 
Distributed in Australia 
by Tan Co. Pty. Ltd. 
All purpose flour 
(medium 
glutinous) 
Sunlight Expiry date: 16092006 Manufactured by 
Sunlight Foods 
Corporation, Taiwan 
Distributed in Australia 
by New World Trading 
Company Pty. Ltd. 
Coconut milk TCC Expiry date: 08082008, 
100609, batch number: 
TCC CMT 10:31, 09:48 
Manufactured by TCC 
Raw sugar CSR Manufactured date: 
04082006 
Sugar Australia Pty. 
Ltd. 
Vermicilli Xue Lian Expiry date: August 2007 Manufactured by 
Zhaoyuan Xuelian 
Foodstuffs Co., Ltd., 
China 
Distributed in Australia 
by Chien Wah Trading 
Co. Pty. Ltd. 
Vermicilli CTF Brabd Expiry date: 30122008 Manufactured by Tri-
Trade Ent. Corp., 
Taiwan 
Distributed in Australia 
by Xiao Trading Pty. 
Ltd. 
 
Note Description presented as product number, batch or lot number 
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5.2 Apparatus and auxiliary equipment 
 
The items of equipment used, together with the details of manufacturers and model 
numbers are presented in Table 5.6. The details of Perkin Elmer DSC and Setaram DSC 
are outlined separately in Table 5.7 and Table 5.8. 
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Table 5.6 Details and manufacturers of equipment and instrumentation 
 
Equipment Model Manufacturer/supplier 
XRD D8 Advance Bruker 
Minolta Chroma Meter CR 300 Minolta Camera Co Ltd, 
Osaka, Japan 
SEM Quanta 200 FEI Company, Hillsbora, USA 
UV spectrophotometer U-2000 Hitachi 
Pipette Boeco Adjustable Volume 
Pipette 
Boeco Germany 
Sieves  Endecotts 
Homogenous blenders Ultra-turrax Model T25 with 
8G attachment 
Janke and Kunkel, IKA 
Labortechnik, Stauffen, 
Germany 
LSA-laser diffraction 
particle size analyser 
Mastersizer X, Model 
MSC025A with slurry sample 
cell incorporating a magnetic 
stirrer bar assembly 
Malvern Instruments Ltd, 
Malvern, UK 
Centrifuge Mistral 1000 Rowe Scientific Pty Ltd 
Furnace Module 1020 Serno 
Digestion Tecator 1003 Tecator 
Distillation Tecator 1042 Tecator 
Vortex mixer Ratek VM1.01 U-lab instrument 
Hot-stage microscope Hot-stage (Mettler FP-82), temperature programmer (Mettler 
FP-90), optical microscope (Nikon Lapophot 2), digital camera 
(Nikon E5000), computer (Macintoch) 
Microscope slide Precleaned microscope slides, 
26 76mm, Cat 7105 
Lomb Scientific (Aus) Pty Ltd 
RVA RVA-3D, serial number 
87003 
Newport Scientific Pty Ltd 
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Table 5.7 Description of Perkin Elmer DSC components 
 
Equipment Manufacturer Model No 
Balance Perkin Elmer AD-2Z Autobalance 
Controller Perkin Elmer Thermal Analysis Controller TAC 
7/DX 
Cover Perkin Elmer DSC Cover Part# BO14-3003 
DSC Perkin Elmer DSC 7 
Gas selector Perkin Elmer Gas selector 
Pan Perkin Elmer DSC Pans 30µL Part# BO14-3016 
Software Pyris Pyris Manager 
 
 
Table 5.8 Description of Setaram Micro DSC VII DSC components 
 
Equipment Manufacturer Model No 
“Batch” vessel Setaram, Caluire, France “Hastelloy C276” 31/1528 
DSC unit Setaram, Caluire, France VII 
Software Setsoft Setsoft version 2 
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5.3 Laboratory procedures for starch isolation  
 
Pulse starches were isolated and purified from chickpeas, faba beans, lentils and mung 
beans. All four types of pulse grains used in this study were from DPI Queensland 
(Table 5.1). The starch extraction procedure was based upon those published by 
Waczkowski and others (1989) and Qi and Phillips (2004) with minor modifications. 
More details of the trials and modification are discussed and described in Section 6.2. 
 
A sample of pulse grains was taken (either 100g, 150g or 250g) and steeped in sodium 
hydroxide solution (0.2%). In all cases the ratio of grain weight to solution volume was 
1:5. , to increase the diffusion rate and the break down of protein-starch matrix. 
Extraction was done at room temperature with continuous stirring for 24 hours, then in 
refrigerator at 4°C for another 24 hours. After the steep water was decanted, the grains 
were washed repeatedly with distilled water. The washed grains were then mixed with 
water with the same volume being used as that of the sodium hydroxide used earlier for 
soaking. Depending on the size of the sample, the grains in the water were homogenised 
with the Ultra-Turrax for 10min to 15min at which time the slurry was homogenous. 
The slurry was filtered through a 250µm screen to remove any large particles, followed 
by a 90µm screen. In both cases, the coarse residues retained above the screen, 
consisted primarily of seed coat material and these were discarded.  
 
In order to recover the starch, the filtrate was allowed to stand without agitation so that 
sedimentation could take place, using a glass beaker (1L) stored at 4°C for 18 hours. 
The brown-green layer of supernatant above the white sedimented starch was discarded. 
The starch was recovered and dried in an oven at 40°C for 24 hours. After drying, 
starches were gently ground using a mortar and pestle, if necessary, and then stored in 
air tight containers at room temperature prior to further analysis and characterisation. 
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5.4 Analysis of total starch content  
 
Megazyme Total Starch Assay Kit (AA/AMG 11/01) following AACC Method 76-13 
(1995) was used to determine the total starch content for all starch samples. The 
standard procedure was used without modification and is briefly outlined as follows. 
The starch sample (0.1g, weighed as accurately as possible) was treated with 
thermostable α-amylase in a boiling bath for 6min. After addition of acetate buffer, 
amyloglucosidase was added and allowed to act for 30min at 50°C.  
 
The solution was diluted to 10mL, centrifuged and the glucose content analysed using 
the GOPOD reagent supplied by Megazyme. For quantification, glucose standard 
solution was analysed. In addition, a maize starch reference sample of known 
composition, supplied by Megazyme, was analysed along with the legume starch 
samples and under the same conditions. Total starch content was calculated according to 
the formula provided. 
 
 
 
 
5.5 Determination of other chemical components 
 
In the analysis of all samples, multiple analyses were carried as described for the 
individual analysis procedure. In all cases the results for at least duplicate measurements 
of individual samples were assessed statistically and are reported as the mean value ± 
standard deviation. In reporting data, the latter is abbreviated to sd and the number of 
replicate determinations is designated as n. 
F Starch 
 
= ∆E × 
W 
× 90 
100 
Starch %  
(dry weight basis) 
= Starch % (as is) × 
100 – moisture content (%) × 100 
L
L
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5.5.1 Moisture determination  
 
The moisture contents of samples were measured following AACC Method 44-15A 
(1995a). For each sample analyses were carried out in duplicate. It is noted that samples 
were not ground prior to analysis. Empty aluminium moisture dishes with lids were first 
placed into a pre-heated oven set at 100 ± 3 °C. After 1 h, the empty dishes were taken 
from the oven and cooled in a desiccator containing active silica gel desiccant for a 
period of 20min and then weighed. Sub-samples (approximately 3.0 g) were accurately 
weighed into the pre-weighed dishes. Then the covered dishes containing the samples 
were placed into the oven with the lids placed under the respective dishes and dried at 
100 ± 3 °C. The process of drying, cooling and weighing was repeated after 1 hour until 
a constant weight was attained. The loss in weight was used to calculate the moisture 
content of the samples using the following equation: 
 
 
5.5.2 Ash determination 
 
AACC Method 08-17 (1995b) was followed to determine the ash content of starch 
samples. The crucibles were placed in the furnace (525°C) for 2 hours, cooled in 
desiccator containing active silica gel desiccant for a period of 45min and then weighed. 
Starch samples (7g) were weighed in crucibles and heated on a electrical hot-plate until 
the samples were carbonised. Then the crucibles were placed in furnace (525°C) for 2 
hours. After the samples were ashed, the crucibles were cooled down in desiccator and 
weighed. The ash of samples was calculated with the following equation: 
 
 
Loss in weight of dish, lid and sample upon drying 
Moisture content =      
(percent) Initial weight of sample 
× 100 
Loss in weight of crucible and sample upon drying 
Ash content =       
(percent) Initial weight of sample 
× 100 
L
L
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5.5.4 Protein determination 
 
Protein content of starch was determined by Kjeldahl method (AACC 1995d). Samples 
(0.2g dry basis were weighted on protein-free papers and placed in digestion tubes and 
onto the digestion unit. Catalyst, concentrated sulphuric acid (20ml) and Hydrogen 
peroxide (10ml) were added to the starch samples and then digested until a clear yellow 
solution was obtained. The digested samples were then cooled and 50% (w/v) sodium 
hydroxide (50ml) was added. The released ammonia was steam distilled into boric acid 
(50ml) using a distillation unit, until a distillate (100ml) was collected. The ammonia in 
the distillate was determined by titrating against 0.1M hydrochloride acid. The 
percentage protein was calculated with the following equation: 
 
Where: 
 
 
5.6 Determination of physical characteristics  
 
In the analysis of all samples, multiple analyses were carried as described for the 
individual analysis procedure. In all cases the results for at least duplicate measurements 
of individual samples were assessed statistically and are reported as the mean value ± 
standard deviation. In reporting data, the latter is abbreviated as sd and the number of 
replicate determinations is referred to as n. 
 
V × [HCl] × NMW × conversion factor Protein content =      
(percent) W 
× 100 
V = Volume (L) of hydrochloride acid used to titre the sample 
[HCl] = concentration of hydrochloride acid 
NMW = molecular weight of nitrogen 
W = Factor to express “starch” as a percentage of flour weight 
L
L
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5.6.1 Measurement of colour  
 
The colour of starch was determined by using Minolta Chroma Meter. The instrument 
was first calibrated using the white calibration tile supplied by the manufacturer. For 
analysis, the three different colour parameters, L*, a* and b* were recorded. The L* 
value measures the degree of whiteness/darkness and the higher the L* value, the lighter 
the colour. The a* value indicates the balance between redness and greenness of the 
sample with positive values corresponding to red colours and negative to green. The b* 
value indicates the balance between yellowness (+) and blueness (-). For a* and b* 
readings, values closer to zero indicate less intense colour whereas readings further 
from zero correspond to more intense chroma characteristics (Hutchings 1999). 
Multiple sets of readings (n≥10) were taken on all samples by moving the measuring 
head on a random basis to different locations on the surface of the sample between 
readings. Mean values are reported. 
 
5.7 DSC 
 
Starch gelatinisation was studied by DSC using a Perkin-Elmer DSC 7 and 30µL 
aluminium DSC pans were used throughout. The instrument was calibrated with Indium 
in accordance with the procedure described by the manufacturer. 
 
Sample preparation for DSC is described in 5.7.1. Prior to analysis on DSC each starch 
slurry was thoroughly mixed using a spatula. Sub-samples were weighed into DSC pans 
and sealed immediately with lids. The samples were held for 1min at 25°C prior to 
heating to 130°C at rate of 10°Cmin-1. A graph was generated for each sample; peak 
(°C), onset (°C), offset (°C) and enthalpy (Jg-1) were calculated by Pyris software 
supplied by Perkin Elmer (Figure 5.2). 
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5.7.1 Sample preparation 
 
Starch samples were prepared and analysed with the following approach, unless 
otherwise specified. Starch and water were weighed in a small beaker at a ratio of 1:2, 
stirred thoroughly and sealed. The starch-water slurry was then set-aside for 18 hours at 
room temperature before running DSC and HSOM. For each treatment, at least for 
duplicate determinations were carried out. 
 
5.7.2 The impact of premixing a slurry 
 
For comparison with well mixed starch slurries, samples of starch powder were weighed 
directly into DSC pans using a spatula. Using a pipette, water was added, the weights 
recorded and finally each pan was sealed with a lid. 
 
5.7.3 The influence of storage of a prepared starch slurries 
 
Following preparation, a starch slurry was sealed in a small beaker for 6 days. Sub-
samples were taken and run on DSC at various times including immediately after 
mixing (day 0), and following storage for 1, 5 and 6 days. In another experiment, a 
slurry was analysed at varying times from 10 min up until 26 hours. 
 
5.7.4 Gelatinisation properties at various moisture levels 
 
Starch-water mixtures at different ratios (1:0, 1:0.5, 1:0.75, 1:1, 1:1.5, 1:2, 1:3, 1:4, and 
1:5) were prepared. For slurries, pipette was used to transfer sample to 30µL aluminium 
DSC pans. Drier samples were mixed with a mortar and pestle, then transferred to pans 
by spatula. All sample weights were in the range of 8 to 12mg. 
 
5.7.5 Placement of sample in the pan 
 
Comparisons were made between samples for which the slurry was ‘centered’ or ‘non-
centered’. For ‘centered’ the material was pipetted into centre of the pan and was not in 
contact with the side at any point. For ‘non-centered’ it had an irregular shape and was 
in contact with the side of the pan. 
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5.7.6 Analysis using Setaram instrument 
 
A Setaram Micro DSC VII (Caluire, France) was also used. For all measurements the 
standard batch vessels were used (6.4mm internal diameter, useful height of 19.5mm, 
volume of 1cm3). The instrument was calibrated with naphthalene following the 
recommended procedure of the manufacturer. For starch, not more than 700µL of slurry 
was pipetted into the sample vessel (corresponding to 2/3 of the total vessel volume) 
and the weight recorded. For the reference, water was used with the same weight as that 
present in the sample slurry. Both vessels were sealed with the screw-on lids. The 
temperature program was set to hold for 1min at 25°C, heat from 25°C to 100°C, held 
for 30 minutes and then cooled to 25°C. The heating and cooling rates were both 1.7°C 
min-1. The software used for analysis of data was Setaram Setsoft (version 1.1). 
 
5.8 HSOM 
 
Apart from DSC, starch gelatinisation is studied with HSOM, which the hot stage is 
used in conjunction with the optical microscope. Still images and clips of the whole 
process could be captured and stored on computer. 
 
5.8.1 Sample preparation 
 
The sample preparation for HSOM is the same as DSC. Starch and water were weighed 
in a small beaker at a ratio of 1:2, stirred thoroughly and sealed. The starch-water slurry 
was then set-aside for 18 hours at room temperature before running HSOM. 
 
5.8.2 HSOM imaging of gelatinisation 
 
The starch slurry samples (10L) were pipetted on to microscope slides and sealed 
immediately with covers. The slides with samples were then heated from 25°C to 90°C 
at a rate of 5°Cmin-1. The gelatinisation of starch was observed at a magnification of 40 
fold, images were taken at various temperatures. 
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5.9 SEM 
 
Samples mounted on circular aluminium stubs with double-sided sticky tape were 
studied by SEM (Quanta 200) at different magnification; images were taken and stored 
on computer. 
 
5.10 Particle size analysis 
 
A Malvern MastersizerX was used to perform particle size analysis of the starch 
samples. Starch powder (10mg) was mixed with hexane (25mL) in the sample holder, 
stirred continuously while the mixture was subjected to analysis by sedimentation and 
laser beam scattering. 
 
5.11 XRD 
 
X-ray diffraction patterns of starch powder were recorded on Bruker D8 Advance 
(Germany), the samples were scanned at step time of 2.0 seconds, a scatter slit of 1mm 
and scanning speed 2.000° 2θ/min, within the range of 2.000° to 52.010° 2θ. 
 
5.13 Determination of texture characteristics 
 
5.13.1 Clarity analysis 
 
The visual characteristics of the legume starch pastes were studied with the methods 
developed and published by Stuart and others (1989). Starch pastes (1%) were prepared 
for the purpose of this test. Water (5mL) was added to starch (50mg) in screw cap tubes, 
the tubes were shaken until the starch was suspended in water. Then the tubes were 
placed in boiling water bath for 30min, with thorough shaking every 5min. After the 
heat treatment, the tubes were left on the bench for approx 5min to cool to room 
temperature. The percent transmittance (%T) was read at 650nm against a water blank 
in a spectrophotometer (Hitachi model U-2000, Osaka, Japan). 
 
Photographs of starch paste were taken in the spectrophotometer cuvette tubes 
(dimensions), while these were illuminated with incandescent lamps positioned on both 
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sides of the camera. One set of photographs were taken with the vials placed infront of 
white background with the word ‘clarity’ printed. The other set was taken the vials 
placed infront of the black background. According to Stuart and others (1989), these 
photographs served as the record of clarity and whiteness observation. For this purpose 
of this study, a ranking system was developed and applied to compare the clarity and 
whiteness of the starch pastes. The starch pastes were ranked from 0 to 10 with the 
comparison to water (ranked 10). While discussing about clarity, water was clear with a 
ranking of 10. Whereas with the case of whiteness, water was dark with a ranking of 10. 
 
5.13.2 RVA 
 
AACC Method 76-21 was followed without modification using an RVA model RVA4 
(Newport Scientific, Victoria, Australia). The standard procedure involves adding 
25.0mL water into a new test canister, 3.00g starch (14% moisture basis) was weighed 
and added onto the surface of the water in the canister. The heating profile applied was 
that described in the AACC procedure as STD2. This includes heating from 50°C to 
95°C over a period of seven minutes and thirty seconds, holding for five minutes 
followed by cooling to 50°C during a further seven minutes and thirty seconds. The 
parameters measured from the curve were peak (RVA units), trough (RVA units), break 
down (RVA units), final viscosity (RVA units), set back (RVA units), peak time (min), 
pasting (°C). 
 
5.14 Sensory evaluation 
 
In order to perform sensory evaluation, a series of starch-based food products were 
chosen, they were prepared using standard formulation. These included vermicelli, 
coconut cake, cookies and gravy. A panel of 15 was presented with the food samples 
and questionnaire during the sensory evaluation. Data was then summarised and 
analysed by using Microsoft Excel. 
 
5.14.1 Preparation of vermicelli 
 
Formulation: 
Starch 20g, water 160g (starch: water = 1:8) 
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Starch and water were brought to boil in a saucepan heated on a gas cooktop appliance 
while continuous mixing was applied. Once the mixture started to boil, the flame was 
adjusted such that the rate of boiling was relatively gentle. The starch paste was 
simmered for three minutes, then extruded into cold water (with a 60mL disposable 
syringe) to form vermicelli strands. The water was drained and the vermicelli strands 
were dried on paper towel at room temperature for thirteen hours. Followed by oven 
drying for three hours at 40° C. The vermicelli samples were stored in an airtight 
container for future use. The samples were cooked in boiling water for two minutes 
prior to being presented to panellists for sensory evaluation. 
 
5.14.2 Preparation of coconut cake 
 
Formulation: 
Starch 50g, water 90g, medium glutinous flour 20g, sugar 60g, coconut milk 50g 
 
The starch and flour were mixed thoroughly in a mixing bowl (500mL) and set aside for 
later use. The coconut milk was mixed with water, and the resultant mixture was 
divided into two portions. The sugar was dissolved in half of the coconut mixture in a 
saucepan. This was done by stirring and heating on a gas cooktop appliance, only until 
the sugar crystals had disappeared. The sugar syrup was gradually poured into the starch 
and flour mix in order to ensure that the resultant material was smooth and uniform. 
This was done in a mixing bowl (500mL). The mixture was passed through a wire mesh 
screen (approx aperture size 0.5mm) to remove any particulate matter and then divided 
into three equal portions. The first portion was poured into a metal plate (15cm 
diameter) and steamed for 5min. The second portion was poured on top of the first and 
steamed for 5min. The same applied to the third portion of mixture. After steaming, the 
resultant cake was left cooling on the bench under room temperature. Once the cake had 
cooled, it was cut and packed in sealed plastic bag until it was serving to the panellist 
for sensory evaluation. It is also noted that this cake was served as soon as possible to 
avoid any deterioration in the product from a microbiological perspective: for sensory 
purposes, it could not be stored under refrigeration temperatures due to the resultant 
unpleasant hardening of the texture. 
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Chapter 6 
 
Results and discussion: the extraction of legume starches 
 
 
 
The purpose of this chapter is to discuss the selection and application of the isolation 
methods for legume starches on a laboratory scale. This includes a description of the 
modifications to existing procedures and the results obtained when starch was extracted 
from the four pulse grains. 
 
6.1  Introduction 
 
Currently legume starches are produced in various countries although the quantities are 
relatively small, particularly in comparison with starches from cereal sources. None-the-
less various legume starches are added into food products and some examples are jam, 
gels, sauce, jelly, gravy, extruded snacks, vermicelli, soup, biscuit and creamy desserts. 
In reviewing the food applications of the various starches (Section 3.6) it was found that 
there are potential applications for starch isolates having many different characteristics. 
In order to systematically investigate the suitability of legume starches for food 
processing, it was first necessary to consider alternative isolation procedures, 
particularly from the perspective of the ease with which the approach could 
subsequently be adapted to a commercial scale. 
 
Whilst it is known that the starch content varies amongst different legumes, procedures 
have been reported for the isolation of the starch from these grains using relatively basic 
and simple procedures. In this context, legumes exist in a range of sizes and shapes and 
the soaking solutions can more readily penetrate some types of legume seeds than 
others. Apart from the variations in seed size of the various pulses, the seed coats of 
dried legumes also show differences in properties. Some are more difficult to soften 
than others. Accordingly, it is important to select an isolation method which allows the 
extracting solution ready access to the cotyledonary structures and is also generally 
suitable for each of the legumes used in this study. 
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6.2  Selection of a suitable method for starch extraction 
 
In reviewing approaches to starch extraction (Section 3.4), it was found that a variety of 
published procedures are available. Some of the variations in approach to starch 
extraction have reflected differences required due to the types of plant tissues being 
extracted. Thus cereal starches often need to be separated from relatively insoluble 
proteins. On the other hand in pulses the proteins are predominantly readily soluble so 
that they are readily separated from the starch granules present in these grains. It has 
also been reported that some flocculent proteins and fine fibre particles may co-settle to 
some extent with pulse starches, thereby influencing colour (Liu 2005). Some of the 
more widely adopted methods are those originally published by Waczkowski and others 
(1989), Agunbiade and Longe (1999), Qi and Phillips (2004) as well as Spigno and De 
Faveri (2004). The last of these was used to isolate rice starch granules from broken rice 
samples, whereas the others were specifically applied to the separation of starches from 
pulse grains. 
 
For the laboratory extraction of starches the general approach typically involves alkaline 
treatment. Dry legume seeds are usually soaked overnight in mild alkaline solution, in 
order to soften the seeds and to breakdown the protein-starch matrix in the seeds. After 
soaking, the seeds are washed repeatedly and then blended. The starch slurry is treated 
by a centrifugation step to facilitate starch collection. The resultant starch is then dried 
in an oven with low temperature prior to storage for subsequent analysis or utilisation. 
 
In a series of preliminary trials, some of the more recently published methods were 
evaluated. Firstly, a method based upon that of Spigno and De Faveri (2004) was 
applied to a sample of chickpeas (20g) by soaking in 100mL of dilute sodium hydroxide 
solution (0.2% w/v). Soaking was allowed to continue for ten hours with stirring, 
followed by washing with distilled water and blending for ten minutes. The resultant 
slurry was sieved using a screen having 80µm apertures and starch sedimented by 
centrifugation. The latter step was repeated twice following re-suspension of the starch 
layer. In each case, the mucilaginous, coloured layer that occurred above the white 
starch material was removed by a careful scraping action. After drying the mean yield 
obtained for two extractions of dry product was 4.5%. 
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The recovery of starch obtained using the method of Spigno and De Faveri was 
relatively low compared with typical values previously reported for chickpeas with 
these ranging from approximately 20-30% (Duke, 1981) up to 50% (Emami and Tabil 
2002). One of the most likely reasons for the low recovery is the particularly short 
steeping time during which the grains were able to absorb water and soften. This may 
reflect the fact that the original procedure was applied to rice grain, which did not 
require penetration of resistant outer seed coat layers. Accordingly further evaluations 
for the extraction of chickpea starch were undertaken in which longer periods were used 
for steeping. 
 
6.3  The impact of pre-treatment of grain samples and steeping time for starch 
extraction 
 
A longer steeping time of twenty-four hours was then applied to each of the legume 
grains (150g). Centrifugation was replaced by a twenty-four hour period of 
sedimentation at four degrees Celsius, and the reasons for this will be further discussed 
later in the chapter. The yields of starch from the four different legume samples varied 
between 24% and 30%. The differences between these could be due to the thickness of 
the seed coats varying from one type of legume to another. As a result of this, the 
penetration rate of the soaking solution might also be expected to vary. Soaking faba 
beans for twenty-four hours with continuous stirring appeared to be insufficient to 
soften the seeds, and the seed coats remained difficult to remove even after this soaking 
treatment. The problem with faba beans not softening could also be caused by the size 
of beans. Soaking of chickpeas encountered a similar problem, and it was probably also 
due to the size of the seeds. In an attempt to overcome these problems, a trial was set up 
in which the legumes were soaked for forty-eight hours rather than twenty-four hours. 
For this the initial twenty-four hour period involved continuous stirring at room 
temperature, followed by the second twenty-four hour which was without stirring and a 
temperature of four degrees Celsius was applied. 
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After soaking for forty-eight hours, the seed coats of faba bean were still not loosening 
or separating readily from the underlying cotyledonary tissue during the washing 
process. It was then decided that the seed coats of faba bean should be punctured and 
this was done using a relatively sharp scalpel. For these trials the total length of time 
required was quite long and it was also laborious to cut the surface of the coat of each 
individual grain. Despite these limitations, the overall effectiveness of the revised 
extraction approach resulted in yields of starch that were substantially higher. 
 
A further refinement of the starch extraction procedures was based on a comparison of 
the application of a procedure that cracked the grains to a relatively coarsely ground 
material through the manual use of a mortar and pestle. For this it was necessary to treat 
small quantities of grain and the extent of size reduction was that all grains were at least 
split into two halves. This provided a much greater surface exposure for the uptake of 
the steeping solution. Again the effect of this was to further enhance the extraction of 
starch from the pulses. 
 
6.4  The effectiveness of centrifugation and sedimentation of starch slurry 
 
The centrifugation of a starch slurry could only apply to a smaller volume of slurry, 
whereas sedimentation in a beaker had no limitation on the volume. Hence, the starch 
slurry was poured into a 1L glass beaker after blending, and left in the refrigerator for 
sedimentation at four degree Celsius for eighteen hours (Figure 6.1). 
 
One of the major problems encountered in the isolation process was that a layer of 
colour deposit would settle on top of the white starch layer after sedimentation of the 
starch slurry (Figure 6.2). This colour layer is the insoluble flocculent protein and fine 
fibre, and the colour of this layer changes according to the colour of the seed. Similar 
difficulties were reported by Waczkowski and others (1989) and Qi and Phillips (2004). 
To effectively remove this coloured layer, a spatula was used with a light scraping 
motion to scrape off most of the layer. However, the amount removed was relatively 
small and this did not cause a significant loss of the starch layer. 
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Figure 6.1 The typical appearance of a starch slurry during the period of 
sedimentation, following homogenisation and screening 
 
 
 
  
 
Figure 6.2 The pattern of sedimentation of starch slurry showing the layer of 
coloured material sometimes observed above the relatively white 
starch material which has deposited in the base of the beaker 
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6.5 The impact of larger sample size on the facilitation of starch extraction 
 
It was also found that more problems were encountered with stirring and blending if the 
sample size was increased to 300g of legumes. It was harder to ensure continuous 
stirring with the magnetic stirrer, and harder to blend homogeneously with the Ultra-
turrax. A thicker layer, nearly as thick as the starch layer, was also formed in between 
the top layer of supernatant and the lower layer of starch. The layer of concern was a 
relatively thin film if the sample size of legumes was 150g. The appearance of the 
sedimentation of starch slurry from 300g of legumes is shown in Figure 6.3. These 
observations are interpreted as indicating the importance of being able to effectively 
homogenise the pulse grain structures, releasing granular starch, exposing the protein 
matrix to the extracting solution and also reducing the size of the particles of fibrous 
cell wall material in order to maximise dissolution and minimise sedimentation. The 
darker colours and the presence of more layers limited the recovery of a white starch 
product. Where the total amount of grain was more than 150g, effective homogenisation 
could not be achieved and was limited by the capacity of the homogeniser used in these 
studies.  
 
 
 
Figure 6.3 The typical appearance of a starch slurry from 300g legumes during 
the period of sedimentation, following homogenisation and screening 
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In order to further characterise the layers seen above the starch sedimented for 
extractions based upon larger amounts of pulse grains, samples of each of the two 
coloured layers that were closest to the starch layer were examined using SEM 
following recovery and drying by oven at forty degrees Celsius for twenty-four hours. 
The typical appearance of these materials is demonstrated in Figures 6.4 to 6.7.  
 
  
  
 
Figure 6.4 The appearance of the layer of coloured material immediately above 
the sedimentation lentil starch following drying at 40°C; the 
magnification shown is 250× 
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Figure 6.5 The appearance of the layer of coloured material immediately above 
the sedimentation lentil starch following drying at 40°C; the 
magnification shown is 2000× 
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Figure 6.6 The appearance of the upper of the two sedimented coloured layers 
above the layer of chickpea starch following drying at 40°C; the 
magnification shown is 250× 
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Figure 6.7 The appearance of the upper of the two sedimented coloured layers 
above the layer of chickpea starch following drying at 40°C; the 
magnification shown is 2000× 
 
 
From the micrographs, it is observed that for the two pulses shown, there is limited 
evidence of granular starch in the layer immediately above the white sedimented starch 
layer. The predominant structures are irregular, larger structures which appear to be 
cellular or at least larger fragments. The only structures which appear to resemble starch 
granules demonstrate aggregation indicating that the extraction and homogenisation 
steps have not adequately reduced the size of the particles or allowed for the complete 
release of free starch granules.  
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The micrographs of the upper of the two layers above the starch sediment (Figures 6.6 
and 6.7) do not appear to contain any granular structures and are relatively amorphous. 
This material did not sediment to give a tightly packed layer and was readily decanted. 
It is likely that it contained primarily protein and virtually no starch. Based upon the 
appearance of the samples of these layers it was decided that the starches produced 
under these conditions did not represent the best options for good yields of clean, white 
starch products. Accordingly this indicated that the sample size should be limited for the 
effective extraction of starch from each of the pulse grains. 
 
It is noted that samples were also taken from the layers above the starch for extractions 
based upon the extraction of 150g of the pulse grains. When these were examined using 
SEM, similar irregular structures were observed and there was virtually no evidence of 
entrapped starch granules present in these. On the basis of the evidence from the SEM 
of the nature of the particles in these layers, all of the subsequent processing of the 
legumes was carried out using either 100 or 150g samples. 
 
 
6.6 An evaluation of the impact of sieving and blending on starch yields 
 
A number of issues were investigated in relation to the impact of minor variations in the 
isolation procedure on the yield of starch. These included the effectiveness of further 
blending of the residue from the screening process and filtering the residue after 
resuspending it, as a way to increase the yield of starch.  
 
The double blending involved blending the pulse grains for the first time after soaking, 
filtering the coarse slurry, then recovering the residue and soaking it in distilled water 
for a period of eighteen hours at four degrees Celsius, blending it again after the period 
of soaking and following the rest of the isolation procedures.  
 
Whereas double sieving was simpler in the process, this involved sieving the slurry 
twice after the blending of grains. After the first filtration, the residue was collected and 
suspended in water then set aside for eighteen hours at four degrees Celsius, this 
suspension was refiltered through the 250µm screen followed by the 90µm screen. The  
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filtrate from both sieving procedures was subjected to sedimentation, starch collection 
and drying processes. The amount of starch collected for each of the blending and 
sieving procedure are shown in Tables 6.1 and 6.2. 
 
From the results shown in Table 6.1, the second blending process resulted in a 
significant yield of starch for chickpea and faba bean samples. Even though the second 
sieving process in double sieving procedures did not increase the yield of starch 
dramatically, there was still a substantial amount of starch collected from the second 
sieving process. Hence, it was decided that both double blending and double sieving 
procedures would be included in the isolation method and applied in the isolation of 
starches from the legume grains. 
 
Table 6.1 Yield of starch extraction from double blending procedures 
 
Yield of starch extraction (%) 
Starch 
1st blending 2nd blending 
Chickpea 17.04 11.02 
Faba bean 1 14.66 18.11 
Faba bean 2 17.07 22.43 
Lentil 21.78 7.88 
 
 
Table 6.2 Yield of starch extraction from double sieving procedures 
 
Yield of starch extraction (%) 
Starch 
1st sieving 2nd sieving 
Lentil 22.59 6.51 
Mung bean 33.56 6.06 
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6.7  A comparison of sedimentation of starch slurries 
 
After the eighteen-hour period of sedimentation, the starch slurries of all four legumes 
settled into several layers. Typically three layers were observed in this study, these 
being a liquid layer on top that could be poured away readily without disturbing the 
remaining two layers, a thin layer in the middle that could be scraped off with a spatula, 
and the lowest layer was the starch that would be collected for drying. After 
sedimentation, the top and the middle layers of the starch slurries reflected the colour of 
the legume seed coats (Figure 6.1 and Figures 2.2, 2.3, 2.4 and 2.5). These are shown in 
detail in Figure 6.5, the top two layers of the chickpea slurry had a milky white colour, 
faba bean a sandy colour, lentil were a camel colour, and for mung bean these were 
typically light green. 
 
 
6.8 Yield of starch extraction 
 
The yield of every starch sample was calculated based on the following formula, and the 
results are shown in Table 6.3. Selected experimental results that represented the results 
obtained from the final extraction method were compared with literature values in Table 
6.4. 
 
 
The yield of starch extracted in this study ranged from 24% to 33% (expressed on an “as 
is” basis), with faba bean had the lowest yield and mung bean the highest. It is 
interesting that for both chickpea and lentil the yields were similar to values reported in 
the literature (Table 6.4). On the other hand, Singh and others (1989) reported much 
higher yields for mung bean seeds than those from this study (59.3% of starch compared 
with 38.0, both expressed on a dry weight basis). This difference may reflect variations 
in the methodology, with varying screen apertures and the characteristics of the blender 
(Waring compared with the Ultra-turrax). Another issue is that of variations associated 
Weight of starch after drying 
Yield 
 
= 
Weight of legume 
× 100% L
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with the cultivar (varietal) attributes, with few studies providing clear comparisons that 
demonstrate the impact of genetic factors on the composition of pulse grains. Further 
studies of these issues were beyond the scope of the current study but are recommended 
for future studies. 
 
 
 
 
 
 
Figure 6.5 Comparison of the appearance of legume starch slurries after a period 
of eighteen hours of sedimentation 
 
Note Top to bottom: chickpea, faba bean, lentil, and mung bean 
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Table 6.3 The yields obtained in a series of trials for starch extraction from 
various legumes 
 
Yield of starch extraction (%) 
 
Chickpea Faba bean Lentil Mung bean 
Trial 1 19.30 21.86 19.78 18.86 
Trial 2 18.70 24.32 23.32 26.41 
Trial 3 33.73 24.89 19.40 17.25 
Trial 4 30.10  26.61 24.26 
Trial 5 29.08  28.09 32.97 
Mean ± sd 25.7 ± 6.0 23.69 ± 1.61 22.80 ± 3.16 23.95 ± 6.29 
 
Note The results shown were obtained when slightly varying conditions of extraction were used, 
including those in which varying weights of grain were extracted, the initial grains were 
cracked/not cracked, double blending and double sieving (more details are provided in Sections 
6.3, 6.5 and 6.6) 
 
 
Table 6.4 A comparison of the yield of extracted starch in this study with 
literature reported values 
 
Experimental result Starch 
“as is” basis dry weight basis 
Literature 
values 
Chickpea 30.1 34.8 29.9-31.8 
Faba bean 24.9 29.0 na 
Lentil 28.1 32.5 33.7-37.8 
Mung bean 33.0 38.0 59.3 
 
Note 1 Results from this study have been taken from those in Table 6.3 and represent the results 
obtained with the final extraction procedure adopted for this study 
 2 Literature are summarised from Singh and others (1989) and Hoover and Ratnayake (2002) 
 3 In some cases for the comparison of data from different sources there may be variations 
resulting from the way values have been presented. Generally the literature values were 
reported on a dry matter basis. However, where appropriate values were recalculated if that 
was possible 
 4 na indicates data not available 
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6.9 The finalised method for extracting starch from pulse grains in this study 
 
After some preliminary trials, a series of minor modifications were made to the original 
method. The procedure is illustrated in the form of a flowchart in Figure 6.4. For 
extraction, a sample of pulse grains (either 100g or 150g) was weighed and, for faba 
bean and chickpea samples, were cracked to allow rapid penetration of the solution used 
for extraction. The cracking was designed to be minimal and was achieved by using a 
mortar and pestle. The solid material was firstly steeped in sodium hydroxide solution 
(0.2%), with continuous stirring at room temperature for a period of twenty-four hours. 
After this, the material was allowed to stand in the same solution, without stirring, for a 
further twenty-four hours at four degrees Celsius. The steep water was then decanted 
and the grains were washed repeatedly with distilled water. The washed grains were 
then mixed with water of the same volume being used as that of the sodium hydroxide 
originally employed for soaking. The grains in the water were homogenised with the 
Ultra-Turrax for 10 to 15min. Larger batches typically require a longer time and in all 
cases the homogenisation was continued until a relatively smooth slurry was obtained. 
During this process, small amounts of water were added if the slurry became too thick 
and it became necessary in order to facilitate the production of the slurry. For this 
purpose, the addition of up to an equal volume to that initially added was required, 
although the volume varied for the different pulse grain samples. In general, chickpea 
and faba bean samples needed more water than lentil and mung bean samples. The 
resultant homogenate was filtered using a 250µm screen followed by a 90µm screen. 
 
At this point in the procedure, minor variations were applied to particular pulse grains 
on the basis that differing approaches had been shown to suit particular grains. Thus, for 
example, chickpeas and faba bean were subjected to double blending whilst the sieving 
step was repeated for the lentil and mung bean samples. 
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In order to recover the starch, the filtrate was allowed to stand without agitation so that 
sedimentation could take place, using glass beakers (one L) stored at four degrees 
Celsius for eighteen hours. The brown-green layer of supernatant which formed above 
the white sedimented starch was discarded. The starch was recovered and dried in an 
oven at forty degrees Celsius for twenty-four hours. After drying, starches were very 
gently ground using a mortar and pestle, if necessary, and then stored in airtight 
containers at room temperature prior to further analysis and characterisation. 
 
 
Figure 6.4 The starch isolation procedure ultimately adopted for routine use in 
this study. It is noted that the highlighted steps (blending, filtration 
and sedimentation) were reapplied the residue of the first treatments 
for chickpea and faba bean. For mung bean and lentil, only the 
filtration and sedimentation were repeated. 
Pulse grains:0.2% NaOH (1:5) 
Steeped for 24 hours, continuous stirring 
Steeped for 24 hours at 4°C 
Blended with water for 10-15 minutes 
Filtration (250µm screen, 90µm screen) 
Washed with 
distilled water 
Sedimentation at 4°C for 18 hours 
Supernatant 
(protein fraction) 
Starch fraction 
Oven drying at 40°C for 24 hours 
Starch 
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6.10 Summary of results obtained during the study of starch extraction 
procedures 
 
In this study, the aim has been to evaluate and apply a method of starch extraction 
which is relatively simple and might readily be adapted to larger scale preparation 
conditions. Within this context, maximising the yield of starch during extraction was 
not the immediate priority. Rather, an acceptable yield of starch having medium to high 
purity was the purpose of this study. The method applied was selected as a relatively 
practical approach for extracting starches from legumes on a laboratory scale. The 
yields of the starches obtained here ranged between 24.9% and 33.0% (Table 6.4, 
expressed on an ‘as is’ basis) and, visually, the resultant dried starches had an attractive 
appearance. The products have been used for further investigations into the purity and 
other characteristics of the dry pulse starches. These studies form the basis of 
subsequent Chapters of this thesis. 
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Chapter 7 
 
Results and discussion:   a comparison of the composition and 
colour of legume starch preparations 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
physicochemical analysis of the starches of the legume grains. The analytical methods 
have been applied in order to characterise the starches and a sample of commercial 
mung bean starch has been tested for comparative purposes. 
 
7.1  Introduction 
 
Following isolation and drying, samples of the pulse starches were analysed for various 
compositional components as well as the colour. The specific purpose was to firstly 
assess the effectiveness of isolation procedures adopted in this study for the pulse 
starches. In addition, the analyses provide a basis of comparison between the four 
legumes and with the commercial sample. Furthermore the results provide a basis for 
evaluation of the colour attributes of the food products in which the starches have been 
incorporated in subsequent phases of this study. The analyses reported here are the 
contents of total starch, moisture, ash and protein along with measurements of pH and 
colour attributes. 
 
7.2  Total starch content 
 
Starch content is always the interest in starchy food as starch plays an important role in 
the textural profile of the product. Various methods to determine total starch content are 
reviewed and listed in Section 3.5. Nowadays a test kit is available commercially for 
easier testing. The starch samples in this study were tested using a total starch assay kit 
from Megazyme International Ireland Limited. In the context of determining the starch 
content of legume, total starch content is usually measured from legume mill, but in the 
case of this study, total starch content was measured from starch sample to determine 
the purity of the starch. Hence, no literature value was compared with the experimental 
result from this study. 
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The four laboratory isolated pulse starches were compared with a commercial mung 
bean starch, whilst the maize starch provided with the assay kit was used as a control. 
According to the label, the maize control was regular maize starch with 96% starch on a 
dry weight basis and 14% moisture, hence 82.6% starch on the “as is” basis. The 
experimental results are shown in Table 7.1. The total starch content of the maize 
control was the same as the content on the label, reflected the validity of the 
experimental results. The total starch content of laboratory isolated mung bean starch 
was higher than the commercial sample. Therefore the isolation method adopted within 
this study was effective in producing pure starch. The starch content of the four legume 
starch samples was close to 100%, with chickpea starch having the highest purity and 
faba bean starch the lowest. 
 
Table 7.1 Total starch content of various legume starches in comparison to the 
control maize starch 
 
Experimental result (%) 
Starch source 
“as is” basis dry weight basis 
Chickpea 88.0 ± 2.3 101.8 ± 2.7 
Faba bean 84.6 ± 0.4 98.7 ± 0.4 
Lentil 85.9 ± 1.6 99.4 ± 1.9 
Mung bean 85.7 ± 0.4 98.9 ± 0.5 
Commercial mung bean 87.3 ± 1.6 97.8 ± 1.8 
Maize 82.8 ± 0.8 96.2 ± 0.9 
 
Note 1 Results are the mean of at least duplicate analyses and are expressed as mean ± sd 
 2 The maize starch (14% moisture) is provided in Megazyme Total Starch assay kit 
 
 
7.3  Moisture content 
 
The moisture content of laboratory isolated starch samples ranged from 13.3 to 14.3%, 
slightly higher than the 10.8% of the commercial mung bean starch (Table 7.2). It is 
expected that the moisture content of starches would be closely related to drying 
conditions applied and particularly to the length of the drying period used following the 
isolation process. Limited comparable data on moisture are readily available, although 
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according to Hoover and Sosulski (1985) and Ratnayake and others (2001), the moisture 
content of selected legume starch preparations varied from 9.2 to 13.4%. 
 
Table 7.2 Moisture content of various legume starches 
 
Starch Experimental result (%) 
Chickpea 13.5 ± 0.7 
Faba bean 14.3 ± 0.5 
Lentil 14 ± 1 
Mung bean 13.3 ± 0.4 
Commercial mung bean 10.8 ± 0.2 
 
Note Results are the mean of at least quadruplicate determination 
and are expressed as mean ± sd 
 
 
7.4  Ash content 
 
The ash contents of the legume starches are shown in Table 7.3. The values are 
relatively low with commercial mung bean starch having the lowest ash content, 
followed by the starches of lentil, mung bean, chickpea and faba bean. None-the-less the 
literature reports results which are lower for some of these starches from these grains 
(Table 7.3). The higher results obtained in some cases in the current study in 
comparison with some previous data probably reflects the relative complexities of the 
isolation procedures applied. In this context the purpose here has been to utilise an 
approach which contains a minimum number of steps in order to enhance the feasibility 
of ultimate attempts to scale-up and commercialise the process. 
 
It has been suggested that higher ash contents of starch is a result of the presence of 
material commonly referred to as “fine fibre” (Hoover and Ratnayake 2002). The term 
fine fibre designates a highly hydrated material originating in the cell wall structures 
normally surrounding the starch granules. It was indicated that higher ash content 
suggested the lower yield of starch from black beans and navy beans is due to the higher 
fine fibre content. 
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Table 7.3 Ash content (%) of various legume starches 
 
Experimental result Starch 
“as is” basis dry weight basis 
Literature value 
Chickpea 0.161 ± 0.001 0.186 ± 0.006 0.03-0.07 
Faba bean 0.21 ± 0.02 0.25 ± 0.02 na 
Lentil 0.12 ± 0.02 0.14 ± 0.02 0.01-0.05 
Mung bean 0.16 ± 0.01 0.19 ± 0.02 0.07-0.11 
Commercial mung bean 0.089 ± 0.001 0.100 ± 0.001 na 
 
Note 1 Results are the mean of duplicate analyses and are expressed as mean ± sd 
 2 Literature are summarised from Singh and others (1989) and Hoover and Ratnayake (2002) 
 3 In some cases for the comparison of data from different sources there may be variations 
resulting from the way values have been presented. Generally the literature values were 
reported on a dry matter matter basis or were recalculated if that was possible 
 4 na indicated data not available 
 
 
7.5 pH 
 
The pH values of the starches were also measured and typical results were 5.9 for the 
chickpea, 10.6 for the faba bean, for the lentil, for the mung bean and 7.4 for the 
commercial mung bean. No literature data was available for comparative purposes. 
 
7.6 Protein content 
 
The protein content in starch should be small, as most of the protein should be separated 
from starch by the end of the isolation process. As with other components in the 
resultant starch, the protein content, could vary if a different extraction method was 
applied. This is shown in the study of Verwimp and others (2004), the rye starch sample 
isolated using alkaline extraction had 0.09% protein, while pronase isolation procedure 
gave a starch with 0.35% to 0.40% protein. Field pea starch has a protein content range 
from 0.52% to 0.70%, as summarised by Ratnayake and others (2002). Hoover and 
Sosulski (1985) reported 0.13% to 0.55% protein from various legume starches in their 
study. Singh and others (2004) reported 0.57% to 1.01% protein in starches isolated 
from various black gram cultivars.  
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By comparing the results of Singh and others (1989), the isolation method adopted by 
them produced mung bean starch with lower protein content (Table 7.4). Even though 
the protein content of mung bean starch in this study was very low, it was the lowest 
amongst all of the laboratory extracted starches as well as the commercial mung bean 
starch. Chickpea had the highest protein content but it is still considered low. 
 
Table 7.4 The protein contents (%) of the legume starch preparations 
 
Experimental result 
Starch 
“as is” basis dry weight basis 
Literature value 
Chickpea 1.22 ± 0.05 1.41 ± 0.06 na 
Faba bean 0.44 ± 0.04 0.51 ± 0.05 na 
Lentil 0.87 ± 0.02 1.01 ± 0.02 na 
Mung bean 0.26 ± 0.04 0.30 ± 0.05 0.10-0.18 
Commercial mung bean 0.44 ± 0.02 0.49 ± 0.02 na 
 
Note 1 Results are the mean of duplicate analyses and are expressed as mean ± sd 
 2 Literature sourced from Singh and others (1989) 
 3 In some cases for the comparison of data from different sources there may be variations 
resulting from the way values have been presented. Generally the literature values were 
reported on a dry matter matter basis or were recalculated if that was possible 
 4 na indicated data not available 
 
7.7 Colour analysis of starch powder 
 
Over the years, colour analysis of samples has evolved from visual analysis to 
instrumental analysis. One of the more widely used instruments is the Chroma Meter. 
The pictures of starch samples in this study are presented in Figure 8.5, and these are used 
as reference for comparing L*, a* and b* from Chroma Meter (Table 8.8). The L* value 
measures the degree of whiteness/darkness and the higher the L* value, the lighter the 
colour. The a* value indicates the balance between redness and greenness of the sample 
with positive values corresponding to red colours and negative to green. The b* value 
indicates the balance between yellowness (+) and blueness (-). For a* and b* readings, 
values closer to zero indicate less intense colour whereas readings further from zero 
correspond to more intense chroma characteristics (Hutchings 1999). 
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Table 7.5 L*, a*, and b* values of starch powder from colour analysis 
 
Starch L* a* b* 
Chickpea 94.53 ± 0.02 -1.35 ± 0.00 4.08 ± 0.01 
Faba bean 87.39 ± 0.02 -0.07 ± 0.00 6.09 ± 0.01 
Lentil 87.64 ± 0.01 0.41 ± 0.01 7.15 ± 0.01 
Mung bean 91.35 ± 0.04 -2.26 ± 0.01 6.83 ± 0.01 
Commercial mung bean 95.02 ± 0.00 -0.95 ± 0.01 1.42 ± 0.00 
 
Note Results are presented as mean ± sd of triplicate readings 
 
 
By visual comparison, chickpea starch and commercial mung bean starch were the 
whitest, whilst those from faba bean and lentil showed a faint brown colour, and mung 
bean starch a pale green colour. The colouring observed in the starch powders is 
probably a result of the co-extraction of seed coat components along with the starch. 
The appearance of the leguminous preparations, particularly the presence of colour was 
probably more obvious visually than is immediately evident in Figure 7.1. It is further 
noted that the differences measured instrumentally (Table 7.5) are also less than might 
be predicted from the degree of visual differentiation. This may partly reflect the fact 
that the eye effectively sees differences which are the combination of the differences in 
the three instrumental readings.  
 
The results obtained with the chroma meter (Table 7.5) are generally consistent with the 
visual appearance of the samples (Figure 7.1). Thus the starch isolated from chickpea as 
well as the commercial mung bean starch were on the higher end of the range of L* 
values, while faba and lentil starches were the lowest. This is reflected in Figure 7.1 
where lentil and faba bean starch were darker in appearance. Mung bean starch had the 
lowest a* value of -2.26, lentil starch was the highest with 0.41. Hence, mung bean 
starch had a more obvious green hue, followed by chickpea, commercial mung bean and 
faba bean starch. Lentil was the only starch with very slight redness. Most of the b* 
values were around 6 to 7, while chickpea starch was 4.08 and commercial mung bean 
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starch was the lowest with 1.42. As all of the b* values were slightly positive, each of 
the samples possessed slight yellowness with no evidence of blueness. 
 
The issue of the colour of starch reflecting in food products will be investigated by 
incorporating the starches into model food system and this will be discussed in Sections 
12.4, 12.5 and 12.6. 
 
7.8 General discussion and summary of analyses of legume starches 
 
The purity of the starch was judged on the basis of yield and composition of other 
materials such as protein and minerals (ash). The yield of the starch recovered from the 
pulses varied from 29.0% (faba bean) to 38.0% (mung bean) and all starches contained 
less than 1.5 % of other constituents. These results were similar to those of other 
studies. Singh and others reported an average starch yield of 31% for chickpea. 
 
The total starch content of the starches ranged from virtually 100% (chickpea) to 98.7% 
(faba bean). Minerals are not distributed evenly in the grain. Most of the minerals are 
concentrated in the aleurone layer (Luckshman 2001). The level of minerals in the pulse 
starches was determined by measuring the ash contents and these ranged from 0.12% 
(lentil) to 0.21% (faba bean). This low value indicated that the starches were relatively 
free of hydrated fine fibers, which are derived from the cell wall enclosing the starch 
granules. The amount of protein content present in isolated starch is a good indicator of 
starch purity. The protein content was relatively low, ranging from 1.22% (faba bean) to 
0.16% (mung bean) and the moisture content ranged from 14.41% (faba bean) to 
13.39% (mung bean). Overall, faba bean had the lowest total starch and the highest 
impurity content. Whereas, chickpea starch had the highest total starch and the lowest 
impurity content. 
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Chapter 8 
 
Results and discussion:   granule size and the scanning 
electron microscopy of legume starch preparations 
 
 
 
The purpose of this chapter is to describe and discuss the results for the particle size 
distribution of starch granules. In addition, the images obtained by SEM for the legume 
starches are presented along with a description of the approach taken in setting up the 
electron microscope and selecting the magnification for application in the current study. 
 
8.1  Introduction 
 
Starch is distributed in plants in the form of granules; these differ in size and shape 
between plant species and tissues. A convenient technique for the measurement of 
granule size utilises a laser particle size analyser (Whattam and Cornell 1991; Cornell 
and others 1994; Wilson and others 2006). In addition, the size and appearance of 
granules can be assessed using SEM. This may include the appearance of the granule 
surface where there may be small openings randomly distributed over the surface of 
starch granules. These have been referred to as “holes” or microscopic pores 
(Luckshman 2001).  
 
8.2  Selection of a suitable magnification for starch granule observation 
 
In order to decide the best magnification to study the starch granules, various 
magnifications of lentil starch were studied under SEM (Figure 8.1). It was found that 
starch granules studied under 250× and 1000× magnification was best for comparing 
various starch samples. When the starch is magnified to 250×, a matrix could be 
observed if there is any. Whilst the surface of the granules could be studied closely 
when it is magnified to 1000×. 
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8.3  Appearance of starch granules 
 
Alongside a commercial mung bean starch, the four laboratory extracted legume 
starches, which included chickpeas, mung bean, lentil and faba bean, were then studied 
with SEM under the same conditions using 250× and 1000× magnification. The 
appearances of the four starches are slightly different as shown in Figure 8.2. All of the 
starch granules seemed to consist of both simple and compound granules and packed in 
a slightly different matrix, with the exception of chickpea starch. The pattern of 
arrangement of the starch granules was difficult to detect. Many of the compound 
granules contained clusters of individual granules which were irregular in shape. On the 
other hand, many of the simple granules (mainly small granules) were elliptical-oval 
shape. Faba bean starch agglomerated the most amongst all samples, while lentil starch 
appeared to form clusters of granules. There was relatively little difference between the 
two samples of mung bean starch, although that extracted in the laboratory appeared to 
be more loosely packed than the commercial sample. 
 
Figure 8.3 gives a clearer representation of the granules. Most pulse starch granules 
showed a narrow relative size distribution range but wide shape distribution range 
which included a mixture of large (elliptical to oval), intermediate (oval) and small 
(oval) granules. Some of the large granules were irregularly shaped. The surface of the 
granules was smooth and free of any pores, fissures and indentation, but lines and 
cracks could be detected on some granules. 
 
The granules of faba bean and lentil were generally larger, while chickpea were smaller. 
A summary of the physical appearance of starch granules are described in Table 8.1. 
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Table 8.1 A comparison of the results found in this study with the published 
literature for the appearance of starch granules from various sources 
 
Starch Current observations Literature 
Chickpea Ellipsoidal, spherical (small 
granules) 
na 
Faba bean Rounded but irregular shapes, 
some of the smaller ganules 
appeared to be ellipsoidal and 
spherical 
Small spherical to large 
oval or irregular shape 
Lentil Rounded but irregular shapes, 
some of the smaller ganules 
appeared to be ellipsoidal and 
spherical 
Oval 
Mung bean Ellipsoidal Irregular (oval, round, 
bean-shape) 
Commercial mung bean Kidney shape, flat and sphere na 
 
Note 1 na indicates no literature available 
 2 Literature information sourced from Adsule and others (1989), Chava and others (1989), and 
Singh and others (1989) 
 
 
The width and length of the granules were measured from the images captured with 
SEM. For each starch sample, at least eight measurements were recorded. The range of 
the more common size granules are listed in Table 8.2.  
 
The measurements corresponded with some of the visual observations, with faba bean 
and lentil having larger granule sizes. The results confirmed that the granule sizes of the 
remaining starch samples were similar, but nevertheless chickpea starch did have more 
of the smaller granules than others if the SEM image was observed thoroughly. 
 
According to Table 8.2, the range of the granule size appeared to be within the range of 
those cited by various literature sources. The literatures showed mung bean has the 
highest upper limit of the granule size, while the experimental data showed faba bean 
was the largest. 
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Table 8.2 A comparison of granule size measured from SEM images of various 
starches with the literature value 
 
Experimental result (µm) 
Starch 
Width Length 
Literature value 
(µm) 
Chickpea 12-17 18-23 9-30 
Faba bean 15-23 21/28-37 6-31 
Lentil 18-26 23-31 7-26 
Mung bean 13-15 15/21-24 10-48 
Commercial mung bean 10-15 17/23-24 na 
 
Note 1 Results of are presented in a range that represent most commonly observed granule size of at 
least eight measurements 
 2 na indicated data not available 
 3 Literatures sourced from Adsule and others (1989), Chava and others (1989), and Singh and 
others (1989) 
 
 
8.4 Particle size distribution analysis (PSD) 
 
In order to further characterise the size of the starch granules in the various 
preparations, the technique of laser diffraction was also used. A small amount of starch 
(10 mg) was mixed with hexane (25 mL), and the mixture was subjected to particle size 
analysis whilst continuous stirring was maintained. For each starch sample one typical 
graph of PSD has been chosen on the basis that it was representative and these are 
shown in Figures 8.10 to 8.16. The key parameters for the range in size of the starch 
granules are presented in Table 8.3. A comparison amongst SEM and PSD results 
alongside with literature value can be found in Table 8.4. 
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Figure 8.4 A typical PSD graph of wheat starch 
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Figure 8.5 A typical PSD graph of maize starch 
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Figure 8.6 A typical PSD graph of commercial mung bean starch 
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Figure 8.7 A typical PSD graph of mung bean starch 
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Figure 8.8 A typical PSD graph of chickpea starch 
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Figure 8.9 A typical PSD graph of faba bean starch 
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Figure 8.10 A typical PSD graph of lentil starch 
 
 
Table 8.3 Granule size of various starches 
 
Diameter of granule (µm) 
Starch 
Mean of peak 10% value 90% value 
Wheat 25.4 ± 0.6 9.1 ± 0.2 87.6 ± 15.3a 
Maize 19.6 ± 1.7 7.6 ± 0.6 36.2 ± 2.8 
Chickpea 21.0 ± 3.8 9.6 ± 1.2 59.8 ± 36.6a 
Faba bean 22.0 ± 0.7 12.5 ± 0.2 35.1 ± 2.2 
Lentil 23.9 ± 0.4 12.9 ± 0.2 52.5 ± 4.3 
Mung bean 19.6 ± 1.0 11.3 ± 0.2 31.3 ± 4.3 
Commercial mung bean 20.2 ± 1.7 10.2 ± 0.4 33.9 ± 2.7 
 
Note 1 Results are presented as mean ± sd of at least duplicate analyses 
 2 The diameters designated as 10 and 90% are taken from the distribution curves and represent 
the values below and above which ten percent of the granule diameters occurred, respectively  
 3 The large sd values here reflects the presence of some larger particles in some, but not all, 
chickpea and wheat samples possibly due to agglomeration of granules 
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It is noted that starch granules are not necessarily perfectly spherical and this has been 
demonstrated in the appearance of the granules seen with the SEM. The laser scattering 
analyser provides values for the mean or overall diameter of the population of granules. 
The instrument generates data facilitating comparisons between different botanical 
sources of starch (Table 8.3.). In the current study, wheat starch demonstrated the 
largest particle size values, while mung bean and maize starch had the smallest particle 
size. Amongst the pulse starches, lentil starch had the highest mean of peak for the 
granule size, but the granule size of the pulse starches still fell within a close range (19.6 
to 23.9µm). All of the starch samples had a similar PSD behaviour (Figures 8.10 to 
8.16). In most cases, the starch granules show a predominantly mono- modal particle 
size distribution with only a minor secondary peak being observed. There are instances 
in which some larger particles might be present in the starch sample. This may reflect 
the formation of close associations between adjacent starch granules. 
 
Table 8.4 A comparison of experimental result of granule size of various starches 
with the literature value 
 
Experimental result (µm) 
PSD (mean) Starch 
SEM 
Peak 10% 90% 
Literature 
value (µm) 
Wheat na 25.4 ± 0.6 9.1 ± 0.2 87.6 ± 15.3a  
Maize na 19.6 ± 1.7 7.6 ± 0.6 36.2 ± 2.8  
Chickpea 12-23 21.0 ± 3.8 9.6 ± 1.2 59.8 ± 36.6a 9-30 
Faba bean 15-37 22.0 ± 0.7 12.5 ± 0.2 35.1 ± 2.2 6-31 
Lentil 18-31 23.9 ± 0.4 12.9 ± 0.2 52.5 ± 4.3 7-26 
Mung bean 13-24 19.6 ± 1.0 11.3 ± 0.2 31.3 ± 4.3 10-48 
Commercial 
mung bean 10-24 20.2 ± 1.7 10.2 ± 0.4 33.9 ± 2.7 na 
 
Note 1 Results of PSD are presented as mean ± sd of at least duplicate analyses 
 2 na indicated data not available 
 3 a
 The large sd values here reflects the presence of some larger particles in some, but not all, 
chickpea and wheat samples possibly due to agglomeration of granules 
Chapter 8 
 
 
97 
 
Wilson and others (2006) reported wheat starch of different types had PSD peak around 
18 to 20µm, with particle size range of 0.4 to 50.0µm. The PSD results of wheat starch 
in the current study had similar peak and granule size, but larger maximum granule size. 
The PSD results of chickpea starch might be similar to those of SEM and literatures, as 
the sd of the 90% granule size was large. The 10% PSD results of pulse starches were 
not much different from the lower end of the granule size of the SEM and literature 
values. On the other hand, by comparing with the literatures, the 90% PSD results of 
lentil and mung bean were considerably higher and slightly lower respectively. All of 
the 90% PSD results were higher than the larger end of granule size observed in SEM. 
 
8.5 Summary of starch granule appearance and size 
 
SEM showed that the starch granules are generally not spherical in shape, the starch 
granules of faba bean and lentil were generally larger than the rest of the legumes, and 
chickpea starch had the smallest granules. All of the starch samples showed 
predominantly larger granules mixed with some smaller granules, and all of them were 
packed in slightly different arrangements except chickpea starch in which no clear 
pattern can be seen. The nature of the particle size analysis does not allow the 
differentiation between length and width of the granules, hence the PSD results might 
be different from those observed under microscopic conditions. The PSD of all pulse 
starches were similar, with mung bean starch having the smallest values, which in terms 
different from the observation with SEM. 
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Chapter 9 
 
Results and discussion:   XRD characterisation of starch – 
structural properties 
 
 
 
The purpose of this chapter is to present and discuss the results obtained when the 
starches from four pulse grains along with those from various other botanical sources 
were examined and compared using XRD. 
 
9.1  Introduction 
 
One aspect of starch utilisation relates to the digestibility and the ease with which 
enzymes including amylases may attack the granule. It has been reported that granule 
size and shape may impact upon digestion because smaller granules, having a larger 
surface area relative to the volume are digested more rapidly (Liljeberg and others 
1992). In the current study, differences were found in terms of granule size for the 
legume starches. The crystallinity of starch is another factor that affects starch 
digestibility.  
 
The presence of crystalline regions within what might otherwise be assumed to be an 
amorphous assembly of a polydisperse macromolecule, is attributed to the ordered 
arrangements of adjacent double helix Ap branches. There are three recognised types of 
starch crystallinity patterns, and these are commonly designated as A, B and C 
(Moharram and Bekheet 1998). The assignment of a particular starch to one of the 
groups has generally been based on the direct comparison of the X-ray diffractograms 
with those of starches with established and characterised patterns. 
 
Cereal starches are referred to as being A-type whereas tuber starches tend to show 
patterns which are quite distinctive and these are known as B-type (Hoover and Sosulski 
1985). Whilst there have been fewer studies of legume starches, there have been reports 
that these are different again and have patterns having intermediate characteristics to the 
A- and B-types of starches (Colonna and others 1981; Hoover and Sosulski 1985; 
Gernat and others 1990; Bogracheva and others 1999; Hoover and Ratnayake 2002; 
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Moorthy 2002). The C-type starches previously reported to occur in legumes, are 
generally more resistant to digestion and differ in their reflection intensity from the 
other types of starches (Tharanathan and Mahadevamma 2003). 
 
X-ray diffractometry is a technique that has been commonly adopted to investigations 
of the degree of uniformity of many different molecules. One such application has been 
to studies of the crystalline structure of starch granules (Wu and others 1978a; Wu and 
others 1978b; Hoover and Sosulski 1985; Ratnayake and others 2001; Hoover and 
Ratnayake 2002). 
 
Based upon a number of studies, all pulse starches exhibited the characteristic C-type 
X-ray diffraction patterns, which are intermediate in appearance between the A-type and 
the B-type. In other words, the C-type crystalline polymorph is a mixture of ‘A’ and ‘B’ 
unit cells, and the C-type starches contain pure ‘A’ and ‘B’ polymorphs in varying 
proportions (Gernat and others 1990).  
 
According to Hizukuri and others (1983) and Hizukuri (1986), the type of crystalline 
structure is determined primarily by the chain length of Ap. In the A-type this is smaller 
than 19.7, for the B-type is greater than or equal to 21.6, and chain length from 20.3 to 
21.3 has A, B or C-type patterns. According to the work of Cheetham and Tao (1997) 
on maize starches, it is strongly suggested that the size of Ap will increase with Am 
content. Hence the crystalline structure of starch is influenced by the weight-average 
chain length of the Ap and Am content. 
 
At the molecular level, the A-and B-type structure differ in the crystalline packing of 
the helices and water content, the B-type has much more space available for water than 
the A-type. The A-type and the B-type crystallises in orthogonal and hexagonal forms 
with 8 and 36 water molecules per unit cell, respectively (Luckshman. 2001).  
 
In the interpretation of XRD data, various approaches have been considered. Thus, 
some studies identified the type of crystallinity by the position of the strong peaks while 
other studies considered the position of both the strong and weaker peaks. Based upon 
some of the studies reported in the literature, the peak positions of the A-type, B-type 
and C-type are presented in Table 9.1. Other than these three types of crystallinity, there 
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is another type of crystallinity known as V-type. It is a pattern shown by the lipid-
amylose complex, and can be characterized by a weak peak at 20.06° 2θ corresponding 
to 4.40 Å (Bultosa and Taylor 2003). 
 
It is generally held that the A-type and B-type starches reflect the presence of parallel 
stranded double helices: these are packed quite closely in A-type structures but are more 
loosely associated for B-type starches (Ratnayake and others 2001). 
 
Table 9.1 XRD peak locations for different types of starch crystallinity 
 
Peak characteristics 
Crystallinity 
Strong peak Weaker peak 
A-type 15.18°, 17.13°, 18.03°, 22.86° 2θ 
(5.83, 5.17, 4.91, 3.89 Å) 
11.49°, 20.06°, 26.69°, 30.36° 2θ 
(7.70, 4.42, 3.34, 2.94 Å) 
B-type 6°, 17.16° 2θ 
(14.71, 5.16 Å) 
15°, 21.82°, 24°, 34°, 58.29° 2θ 
(5.90, 4.07, 3.7, 2.63, 1.58 Å) 
C-type 17.2°, 18.1°, 23.1° 2θ 
(5.15, 4.98, 3.85 Å) 
15.18°, 5.54° 2θ  
(5.8, 15.7 Å) 
 
Notes Data sourced from Hoover and Sosulski (1985), Bogracheva and others (1998), Moharram and 
Bekheet (1998), Vansteelandt and Delcour (1999), Protserov and others (2000), Ratnayake and 
others (2001), Bultosa and Taylor (2003), Bauer and others (2005), Noosuk and others (2005) 
 
 
9.2  Preliminary study of starch crystallinity with XRD  
 
A preliminary study was designed to evaluate the level of inherent variability which 
might be observed with the XRD technique and the samples which have been prepared 
from the pulse grains. This was carried out using three sub-samples of the chickpea 
starch preparation and diffraction patterns were recorded using the D8 Advance 
instrument. The samples were scanned with a step time of 2.0 seconds, a scatter slit of 
1mm and scanning speed 2.000° 2θ per minute, within the range of 2.000° to 52.010° 
2θ as described in Chapter 5 (Materials and methods). Section 5.11. 
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Chickpea 3 
 
 
 
Chickpea 2 
 
 
 
Chickpea 1 
The XRD patterns of triplicate scans are presented in Figure 9.1. Whilst not being 
identical, the three curves for chickpea starch appeared to have close resemblance, with 
a minor peak around 12.0° 2θ, and major peaks around 15.4°, 17.3° and 23.4° 2θ. The 
intensity and Bragg angle values for the major peaks are shown in Table 9.1. 
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Figure 9.1 XRD patterns obtain for three sub-samples of the starch prepared 
from chickpea 
 
 
Table 9.2 Major peak characteristics of chickpea starch analysed with XRD 
 
Peak 1 Peak 2 Peak 3 
Starch Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Chickpea 1 175 15.41 181/191 17.27/17.45 149 23.51 
Chickpea 2 159 15.38 178 17.30 155/144 23.03/23.42
Chickpea 3 173 15.41 178 17.27 154 23.39 
 
Notes Results of triplicate sub-samples of the chickpea starch 
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In order to obtain a broader perspective on the crystallinity of starches from various 
sources and the range of XRD patterns which might be encountered, a series of 
commercial starches from different plant sources were subjected to X-ray analysis. The 
starches included wheat, potato, maize, Lintner’s and mung bean starch as well as two 
soluble starch preparations. The results are compared in Figure 9.2 and Table 9.3. It is 
noted that Lintner’s starch is a potato starch preparation commonly used in laboratories 
where a soluble and readily digestible form of starch is required. 
 
Sekine and others (2000) reported mung bean starch along with wheat, corn and rice 
starch had A-type XRD patterns, and potato starch had B-type patterns. The results of 
commercial starches in the current study confirmed their findings, even though the 
starches in their study were analysed in the wet state, unlike the starches in the current 
study were dry powder. 
 
In this study, the maize starch and wheat starch showed A-type pattern, which 
correlated to literature values of strong peaks at 15.18°, 17.13°, 18.03°, 22.86° 2θ, while 
potato showed B-type pattern, with a small peak at 5.75° 2θ and major peak at 17.45° 
2θ that chatacterised B-type crystallinity (Table 9.1). Lintner’s starch revealed a B-type 
pattern while the soluble starches appeared to have a pattern that was closer to B-type 
without the small peak at 5° 2θ. Even though it is well established that legume starches 
have C-type crystallinity, the commercial mung bean starch exhibited a pattern more 
closely aligned to the A-type shown by the wheat starch and maize starch instead of the 
typical pattern for the C-type as seen subsequently for the material isolated from the 
legume starches in the current study. The reasons might include the preparation methods 
of the starch, or the starch might have been subjected to some modification treatment 
during manufacture to provide an improved cooking profile that suits market demand or 
expectations. It has been reported that some of the modified starches may show different 
XRD patterns from the native starches (Ayoub and others 2004), which could be the 
reason for different XRD patterns of the commercial mung bean starch from the 
laboratory isolated mung bean starch. 
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9.3  Study of starch crystallinity of pulse starches with XRD  
 
Subsequently, the laboratory extracted chickpea, faba bean, lentil and mung bean 
starches were studied with XRD. The resultant patterns of these legume starches are 
presented in Figure 9.3. The X-ray patterns of the laboratory isolated legume starches 
revealed C-type starch X-ray pattern. This was characterised by strong intensity peaks 
corresponding approximately to 15°, 17° and 23° 2θ. The exact values of peak position 
of pulse starches are shown in Table 9.4. 
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Figure 9.2 X-ray diffraction patterns of various starches 
 
 
In
te
n
sit
y 
(no
t t
o
 
sc
a
le
)
2 Theta (°)
4 10 20 30
 
 
Figure 9.3 X-ray diffraction patterns of pulse starches 
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Table 9.3 Major peak characteristics of various starches analysed by XRD 
 
Peak 1 Peak 2 Peak 3 
Starch Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Wheat 342 15.17 342 17.48 333 18.32 
Potato 298 15.14 415 17.45 301 22.43 
Maize 360 15.11 362 17.27 359 18.17 
Soluble 1 403 17.06 270 22.58 260 23.84 
Soluble 2 410 17.54 269 22.43 256 24.33 
Lintner’s 291 14.39 422 17.60 289 22.13 
Mung 
Bean 164 15.50 178 17.27 134 23.00 
 
 
Table 9.4 XRD characteristics of pulse starches  
 
Peak 1 Peak 2 Peak 3 
Starch Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Intensity 
(counts) 
Bragg 
angle (° 2θ) 
Chickpea  173 15.41 178 17.27 154 23.39 
Faba Bean 182 15.32 189 16.88 151 23.18 
Lentil 173 15.29 173 17.42 131 22.85 
Mung Bean 156 15.14 177 17.24 127 23.06 
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All of the legume starch samples possessed similar peak patterns with minor 
differences. Similarly, all samples showed strong intensity at 15°, 17° and 23° 2θ. 
Weaker peaks might be detected elsewhere, but those are not the characteristics of C-
type pattern. Apart from a very weak peak at 12.35° 2θ, lentil starch appeared to have 
two peaks around 23° 2θ, with the exact location of 22.85° and 24.05° 2θ. This is 
similar to the pattern of northern bean reported by Hoover and Sosulski (1985). The 
laboratory isolated mung bean starch showed different crystallinity characteristics from 
the commercial sample. It was confirmed that it had C-type pattern instead of A-type as 
mentioned by Sekine and others (2000). The sub-types of C-type crystallinity is further 
discussed in this section, that in turn shows that mung bean starch had characteristics 
closer to those of A-type starches. 
 
Generally pulse starches have strong intensity peaks at angles of approximately 15°, 17° 
and 23° (2θ,) and similar patterns have been reported in various studies. Black bean, 
kidney bean, navy bean, northern bean and pinto bean generally have strong intensity 
peaks at 15°, 17°, 23° 2θ (Hoover and Sosulski 1985). Field pea starch has strong 
intensity peaks around 15°, 17° and 23° 2θ, and a weak intensity peak at 5° 2θ. 
(Ratnayake and others 2001). According to Bogracheva and others (1999), pea starches 
have a weak peak at 5.6° 2θ (characteristic of B-type polymorphs), strong peaks at 
17.9° 2θ (characteristic of A-type polymorphs) and 17.0° 2θ (characteristic of A-type 
and B-type polymorphs). Summarised by Ratnayake and others (2002), the position of 
the small peak in pea starches could be anywhere between 5° and 6° goniometer angle, 
and various 2θ angle locations for this peak have been reported. They believed the 
variation is affected by the instrumental settings and the experimental conditions. 
 
One of the classification schemes described in the literature for the starches has 
differentiated three crystal sub-types which are Ca, Cb and Cc (Hizukuri 1961). This 
distinction is based upon the relative intensity of the peaks referred to as 4a and 4b 
(corresponding to 2θ values of 17° and 18° 2θ), the relative intensity of the 1-line (at 2θ 
of 5°) as well as the shape or profile of the lines on either side of the 6-peaks (23° 2θ). 
The relevant data for the legume starches is shown in Table 9.5. From this it is 
concluded that each of the starches can be classified as having a Ca crystal type, even 
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though lentil is difficult to classify unequivocally [4b/4a>2/3 (Ca), weak 1-line (Cc), 
concave 6-lines (Cb)]. 
 
Table 9.5 Comparison of the main features and classification of the XRD 
patterns of the legume starches 
 
Starch Relative 
intensity of 4a- 
and 4b-lines 
Intensity of  
1-line 
Line profile  
of 6-lines Crystal type 
Chickpea >2:3 Absent Convex Ca 
Faba bean >2:3 Absent Convex Ca 
Lentil >2:3 Absent Convex Ca 
Mung bean >2:3 Absent Convex Ca 
Black bean a >2:3 Absent Convex Ca 
Northern bean a 4b-line absent Absent Convex C b 
Navy bean a >2:3 Absent Convex Ca 
Kidney bean a >2:3 Absent Convex Ca 
Pinto bean a >2:3 Absent Convex Ca 
 
Notes 1 a
 Data sourced from Hoover and Sosulski (1985) 
 2 b
 Classification into subgroup was difficult due to absence of 4b-line 
 
 
9.4 General discussion and summary of results for XRD patterns of legume 
starches 
 
From the XRD patterns, it is concluded that this analyses has a high repeatability, and 
all the samples in this study exhibited the type of XRD crystallinity as expected with an 
exception of commercial mung bean starch. Wheat and rice belong to cereal group that 
posses A-type patterns, potato and Lintner’s starch are both tubers hence B-type 
patterns, and the laboratory isolated legume starches had C-type patterns. Soluble 
starches had patterns similar to B-type crystallinity, while commercial mung bean starch 
was closer to A-type instead of C-type crystallinity. Further work could be done on 
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commercial starches to investigate if they are modified during production, which could 
explain the reasons behind the unexpected crystallinity structures. 
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Chapter 10 
 
Results and discussion:   the study of gelatinisation with DSC 
and HSOM 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
analysis of starch gelatinisation using DSC and HSOM. These encompass the 
evaluation of the method for DSC, along with results for the starches prepared in the 
laboratory. In order to further confirm the results regarding gelatinization properties 
from the DSC studies, the heating of starch slurries was also observed using the HSOM. 
The resultant images are also presented to show the changes in the starch granules at 
each stage of the gelatinisation process. 
 
10.1  Introduction to DSC analysis 
 
DSC is widely used by researchers to study the thermal properties of foods which have 
an important role in food processing operations. When heated in the presence of excess 
water, starch undergoes a transition from a state of order to one of disorder and this is 
generally referred to as gelatinisation. This process typically occurs over a temperature 
range, with this range and other aspects of the gelatinisation profiles varying between 
starches of various sources. It is believed this phase transition is associated with the 
diffusion of water into starch granules, water uptake by the amorphous background 
region, hydration and radial swelling of the starch granules, uptake of heat, loss of 
crystalline order as well as uncoiling and dissociation of double helices in the crystalline 
regions (Ratnayake and Warkentin 2002) 
 
The method of studying thermal properties with DSC is based on measuring very small 
thermal effects produced in thermal processes. The sample and a reference are placed 
into a sample holder within the DSC instrument, and a temperature program is set to 
suit the purpose of the measurement. If there is a phase change in the sample, a 
temperature difference will be detected between the sample and the reference, then 
energy is supplied or subtracted until they are again maintained at the same temperature 
(Pomeranz and Meloan 2000). The balancing of energy input provides a measure of the 
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transition energy (Pomeranz and Meloan 2000), corresponding to the heat capacity of 
the sample. The recorder in the DSC system produces a thermogram showing gain or 
loss of energy as the sample is scanned at a fix rate, for example ten degrees Celsius per 
minute. The area under the peak of the thermogram curve is proportional to the heat 
energy absorbed or released by the sample during the heating process (Sabapathy 2005). 
 
A wide selection of approaches was encountered during the process of selecting a 
method for studying starch gelatinisation using DSC. As there is no widely accepted set 
of parameters in use, it was decided that preliminary trials would be run to determine 
suitable methods for this study. Starch gelatinisation was studied using two different 
DSC instruments: a Perkin-Elmer DSC 7 unit and a Setaram DSC VII instrument. These 
were studied and compared because they use quite different sample sizes. 
 
10.2  Selection of a suitable method for DSC using the Perkin-Elmer DSC 7 
 
In the approaches of a number of workers to DSC analysis of starch gelatinisation, a 
slurry is first prepared, whereas others directly mix the starch and water within the DSC 
pan. In one of the earliest reports a starch-water ratio of 1:2 was used (Stevens and 
Elton 1971) and subsequently this has been commonly applied (Wootton and Mahdar 
1993; Pérez and others 1998; Sekine and others 2000; Aboubacar and others 2006), 
although many other variations have been used (Hendrickx and others 1987; Ratnayake 
and others 2001; Hoover and Ratnayake 2002; Albert and others 2004; Singh and others 
2004).  
 
In a study reported by Colonna, Buleon & Mercier (1987), gelatinisation was 
investigated by heating starch in the presence of 18 to 27% moisture after a “reaction” 
time of 12 to 16 hours. Typically, the DSC pan is sealed and stored “overnight” at room 
temperature (Wootton and Mahdar 1993). For most studies, the basis upon which the 
particular ratio or other conditions were selected has not been provided. Accordingly, 
this raises questions regarding the optimum ratio for the various starches, as well as the 
significance and impact of the period of time commonly described as “overnight”. 
 
For the initial studies here, a Perkin-Elmer DSC 7 (Wellesley, U.S.A.) instrument was 
used following calibration with Indium. This material allowed evaluation of the 
Chapter 10 
 
 
111 
consistency of measurements made with the instrument in relation to the temperature at 
which particular thermal events occurred and also the enthalpy values. The melting 
temperature and enthalpy values reported for Indium are 156.60ºC and 28.45 Jg-1 
respectively. The procedure for calibration was that recommended by the manufacturer.  
 
In preparation for the analysis of the starches, a slurry was made. The procedures 
applied in the preparation of samples for DSC is fully described in Section 10.2.1. The 
samples in DSC pans were held for 1min at 25°C prior to heating to 130°C at a rate of 
10°Cmin-1. During the runs, dry nitrogen gas was purged through system at a flow rate 
of 20 mLmin-1. For each sample, a graph was generated; values for the peak temperature 
(°C), onset (°C), offset (°C) and enthalpy (Jg-1) were calculated by the Pyris software 
(version 3.8) supplied by Perkin Elmer. Onset and offset temperatures are the points 
where the tangent lines for the leading and trailing parts (respectively) of the peak 
intersect with the baseline of the thermogram curve. The enthalpy represents the amount 
of heat required to gelatinize the starch present in one gram of the slurry and is 
calculated from the area under the peak corresponding to the gelatinization of the starch. 
These are shown in the typical thermogram of a starch sample presented in Figure 10.1. 
It is noted that in presenting results for DSC, it has been common to refer to peak 
temperature as Tp, onset as To, offset as Tc, and enthalpy as ∆H and this approach has 
been adopted here. 
 
 
 
Figure 10.1 A typical DSC thermogram of a starch mixture with 66.7% 
moisture content, showing a single, clear gelatinisation peak  
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It is important to understand the impact of sample preparation parameters upon the 
gelatinisation characteristics, as a variety of specific approaches may be applied to the 
preparation and analysis of starch by DSC. Among these options are prior mixing of a 
slurry, the relative amounts of water and starch as well as the means of dispensing the 
materials. The impact of each of these was investigated in relation to both the 
temperature patterns and enthalpy measured upon gelatinisation. 
 
10.2.1  Sample preparation  
 
For all the preliminary tests carried out for the purpose of method evaluation, a 
commercial mung bean starch (Pine brand) was used. Generally, the starch samples 
were prepared and analysed with the following approach, unless otherwise specified. 
Starch and water (1:2) were weighed in a small beaker (10mL), stirred thoroughly and 
sealed with Parafilm®. The starch-water slurry was then stored at room temperature for 
18 hours before running DSC. Prior to analysis using the DSC, each starch slurry was 
very thoroughly mixed using a spatula. From this, a sub-sample was weighed accurately 
into a 30µL aluminium DSC pan and sealed immediately with lids. For each treatment, 
at least duplicate determinations were carried out. 
 
10.2.2 The impact of premixing a slurry 
 
In order to establish whether premixing the starch with water makes any difference to 
the gelatinisation characteristics measured by DSC, premixed starch slurry was 
compared with non-premixed samples. For the latter, starch powder was weighed 
directly into DSC pans using a micro-spatula, water was then added using a pipette, the 
weights recorded and finally each pan was sealed hermetically with a lid. In these cases, 
no specific action was taken to mix the starch and water. 
 
Despite the apparent simplicity of the procedure of pipetting water into the DSC pans 
containing the starch powder, the amounts being handled were very small, experiments 
clearly demonstrated that there is a possibility of spillage when water is being added. 
The results of a series of direct comparisons of the two approaches are presented in 
Table 10.1. The results show that the premixing of the starch slurry is more favourable, 
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and it is likely that this reflects the greater ease of pipetting the slurry into the pans 
without spillage. Samples that were not premixed showed higher variability, as reflected 
in the standard deviation values for both gelatinisation peak and enthalpy. 
 
Table 10.1 Properties comparison of premixed and not premixed starch slurry 
 
 Premixed Not premixed 
Tp (°C) 73.4 ± 0.1 73.3 ± 0.2 
∆H (Jg-1 starch) 12.4 ± 0.6 12.0 ± 1.0 
 
 
10.2.3 Placement of sample in the pan 
 
Based on the findings discussed in Section 10.2.2 the routine approach adopted for 
sample preparation involved the handling of a starch slurry. It was observed that during 
the process of pipetting the slurry into DSC pans, the positioning of the sample within 
the pan could influence the data obtained from the DSC analysis. Firstly, the sample 
size was such that the material did not readily cover the base of the pans. Hence, 
comparisons were made between samples for which the slurry was ‘centred’ or ‘non-
centred’. When a round droplet of slurry was pipetted in the centre of the pan, and was 
not in contact with the side of the pan at any point, it was designated as being a 
‘centred’ sample. A ‘non-centred’ sample was readily obtained by pipetting “off-
centre”, so that it was in contact with the side of the pan at some point. 
 
The results of multiple analyses are presented in Table 10.2 and show that although the 
gelatinisation temperature did not differ when the slurry was pipetted in the centre and 
off-centre of the DSC pans, the gelatinisation enthalpy of off-centred samples was much 
more variable with a coefficient of variability four-fold higher. It is likely that 
differences in the contact area of the starch slurry with the bottom of the pan would 
affect heat conduction from the chamber to the starch slurry. When the slurry was 
pipetted off-centre, the surface area for heat conduction fluctuated, which resulted in an 
unacceptable level of variability in ∆H values. 
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Table 10.2 Comparison of gelatinisation properties when samples were pipetted 
at the centre and off the centre of DSC pans  
 
 Centred Non-centred 
Tp (°C) 73.4 ± 0.1 73.4 ± 0.1 
∆H (Jg-1 starch) 12.4 ± 0.6 13.3 ± 2.4 
 
Notes n=5 
 
 
10.2.4 The influence of storage period for prepared starch slurries 
 
After finding that the starch slurry samples should be premixed for easy handling when 
running the DSC, it was next decided to determine if there is any influence of storage 
time of the slurry on the gelatinisation parameters ultimately found during analysis by 
DSC. Following the preparation procedures, a starch slurry sample was sealed in a small 
beaker and stored at room temperature for a period of up to six days. At selected 
intervals, sub-samples were taken and run on DSC at various times including 
immediately after mixing (day 0), and following storage for 1, 5 and 6 days. In another 
experiment, a slurry sample was analysed at varying times from 10 min up until 26 
hours. The results of these experiments are shown in Table 10.3 and Figure 10.2. 
 
Table 10.3 Changes of mung bean starch properties measure by DSC following 
storage of a slurry for varying periods of up to six days 
 
Parameter Day 0 Day 1 Day 5 Day 6 
Tp (°C) 73.1 ± 0.0 73.4 ± 0.1 73.2 ± 0.1 73.4 ± 0.1 
∆H (Jg-1 starch) 12.0 ± 0.8 12.4 ± 0.6 13.4 ± 0.5 14.6 ± 0.3 
 
 
Enthalpy to gelatinise the starch showed a tendency to increase if the starch slurry was 
stored for more than twenty-four hours. The enthalpy on Day 1 correlates with the 
enthalpy of premixed starch slurry in Table 10.1 and Figure 10.3. 
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Values for the peak temperature and particularly the enthalpy of the starch slurry 
showed variability when readings were taken in the earlier stages of storage. The 
amount of variation subsequently decreased and after 13 hours and 20 minutes of 
settling time there is relatively greater stability in the readings corresponding to 
gelatinisation peaks of 73.4°C, and enthalpy values of 12.0Jg-1 starch. From these 
results it was decided that the starch slurry should be stored for at least thirteen hours 
and that there was relatively little impact of storage period once that time had elapsed. 
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Figure 10.2 Comparison of gelatinisation temperature (°C) when increasing the 
time period of starch slurry preparation and analysed with DSC 
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Figure 10.3 Comparison of gelatinisation enthalpy (∆H) when increasing the 
time period of starch slurry preparation and analysed with DSC 
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10.2.5 Gelatinisation properties at various moisture levels 
 
In order for starch granules to gelatinise, a certain minimum level of moisture must be 
available (Wootton and Mahdar 1993). A variety of different moisture levels have been 
reported and suggested for running DSC, with some studies using a starch-water ratio of 
1:2 (Wootton and Mahdar 1993; Pérez and others 1998; Sekine and others 2000; 
Aboubacar and others 2006), 1:2.5 (Hendrickx and others 1987), 1:3 (Ratnayake and 
others 2001; Hoover and Ratnayake 2002; Albert and others 2004) and many other 
alternatives (Singh and others 2004).  
 
In order to evaluate the effect of water addition, samples of starch-water mixtures at 
different ratios, ranging from 1:0.5 to 1:5, were prepared for analysis of gelatinisation 
profiles of starch with the DSC. For this, a micropipette was used to transfer slurry 
samples to 30µL aluminium DSC pans. At lower proportions of moisture, sample 
handling was difficult and a different approach was utilised. For drier combinations, a 
mortar and pestle were employed to facilitate the preparation of a homogeneous 
mixture, prior to the transfer of a sub-sample to the DSC pans by spatula. In all cases, 
the amount of sample weighed into the DSC pan was within the range of 8 to 12mg. 
This weight represented the combined weight of the starch plus the water added, in 
terms of the slurry or, in the case of the drier combinations, the mixture. 
 
It was found that at lower moisture contents (less than approximately 40% water), no 
gelatinisation peak could be seen in the thermograms (Figure 10.4). As the moisture 
level was increased small peaks were observed and these were generally less repeatable 
in terms of the temperature of the peak as well as the area under the peak. However, it 
was observed that one clear sharp peak was consistently found at 73°C when the 
moisture content of the slurry was 50% or above. The impact of varying the level of 
water is demonstrated in Figure 10.5.  
 
It is also noted that, in addition to the main gelatinisation peak, small, additional peaks 
were observed at higher temperatures in some cases. A smaller second peak might be 
expected to appear when moisture content was low (Hendrickx and others 1987), but 
this observation was not confirmed in the current study. The presence of peaks between 
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100°C and 130°C has previously been reported and was suggested to correspond with 
the transition of a starch-lipid complex by Hendrickx and others (1987). In the current 
study, as most thermograms showed only the main gelatinisation peak on any consistent 
basis, the occasional appearance of other, minor peaks was not considered directly 
relevant and so such results are not reported in this study. The lack of an obvious peak 
for the transition of the starch-lipid complex may reflect the specific characteristics of 
these starch samples although further studies may be warranted to clarify this issue. 
 
The enthalpy to gelatinise starch appeared to increase when the water content increased, 
but stabilised after a sufficient amount of water was added to the starch slurry. Slurries 
of starch samples having moisture contents within the range of 67 to 83% were found to 
give consistent enthalpy values. It is noted that sample handling was facilitated at 
moisture contents where the granules tended not to sediment readily from suspension. 
At higher moisture values it became particularly important to thoroughly resuspend the 
starch in the slurry prior to sub-sampling for DSC analysis. Accordingly, 66.7% 
moisture (corresponding to a starch-water ratio of 1:2) was used for DSC analysis in the 
current studies. 
 
 
 
Figure 10.3 A typical thermogram of starch mixture with low moisture content, 
no gelatinisation peak was detected by DSC 
 
Notes This particular thermogram was obtained for a starch mixture with 33.3% moisture at a 
heating rate of 10°C/min 
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Figure 10.4 A comparison of gelatinisation enthalpy (∆H) of starch slurry at 
different moisture content 
 
 
These findings are consistent with previous reports on starch granules from various 
sources. The relationship between enthalpy and moisture content shows variations, 
although most studies report a linear increase in enthalpy values with increased 
moisture contents up to a certain point. Beyond this, a maximum and constant enthalpy 
value was obtained regardless of the moisture level. Biliaderis and others (1980), 
Eliasson (1980) and Liu and Lelievre (1991) reported that enthalpy increased linearly 
from a moisture content of 33% and became constant at 70%, whereas Giorgia and 
Dante (2004) reported a linear increase until 60% moisture. These observations were 
made on starches isolated from various sources including rice starch in the latter case 
and it might be expected that some of the variations reported might be due to the source 
of the starch. 
 
Minimal moisture content was identified following the method of Wootton and Mahdar 
(1993) with slight modification. This approach is based upon preparation of a graph in 
which gelatinisation enthalpy is plotted as a function of moisture content of the slurry 
and an example is presented in Figure 10.5. For this, a series of starch slurries were used 
and these had starch-water ratios of 1:0.5, 1:0.75, 1:1, 1:1.5 and 1:2. The minimal 
moisture content for gelatinisation was identified by extrapolation of the linear phase of 
the plot to zero enthalpy. In this study, there was little variation in the values found the 
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minimal moisture for gelatinisation of the four pulse starches isolated in the current 
study and also the commercial mung bean starch, with results in the range of 30 to 31%. 
These results can be compared with those obtained by Wootton and Mahdar (1993) who 
found a range of values for the minimal moisture for starch gelatinisation, from 13.0 to 
35.9%, in a selection of Australian wheat varieties. The findings for the minimal 
moisture content confirmed the suitability of using a starch slurry with 67% moisture 
for assessing the gelatinisation characteristics by DSC, as starch gelatinises when heated 
in the presence of excess water (Ratnayake and others 2002). 
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Figure 10.5 An example of the results obtained in the determination of minimal 
moisture content for gelatinisation (data shown is for commercial 
mung bean starch) 
 
 
10.3 Analysis using a Setaram DSC instrument 
 
Whilst consistent results were obtained with the Perkin Elmer DSC unit, the data clearly 
demonstrated that sample preparation and presentation to the instrument were important 
in determining the reliability of the results. In this context, another DSC unit was 
available to the study and was of interest because it had larger cells which were able to 
hold up to 0.8g of starch slurries. Therefore, in order to assess the potential of the larger 
sample sizes to reduce the variability seen in the DSC results, the Setaram Micro DSC 
VII (Caluire, France) was employed. 
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For all measurements the standard batch vessels were used (6.4mm internal diameter, 
useful height of 19.5mm, volume of 1cm3). Prior to analysis, the instrument was 
calibrated with naphthalene following the recommended procedure of the manufacturer. 
For starch, not more than 700µL of slurry was pipetted into the sample vessel 
(corresponding to 2/3 of the total vessel volume) and the weight recorded. For the 
reference, water was used with the same weight as that present in the sample slurry. 
Both vessels were sealed with the screw-on lids. The temperature program was set to 
hold for 1min at 25°C, heat from 25°C to 100°C, held for 30 minutes and then cooled to 
25°C. The heating and cooling rates were 1.7°C min-1 and the software used for analysis 
of data was Setaram Setsoft. 
 
The comparison of results obtained with the two different DSC instruments is shown in 
Table 10.4. The Setaram Micro DSC VII gave a lower gelatinisation temperature but a 
more precise value for enthalpy. This may well be due to the very low heating rate of 
1.7°C min-1 compared to 10°C min-1 of the other instrument (might need a ref here), 
although the lower rate of heating reflects the larger sample size and the delays 
associated with larger distances required for transfer of the heat. 
 
Table 10.4 Comparison of peak and ∆H between Setaram Micro DSC VII and 
Perkin Elmer DSC 7 using commercial mung bean starch 
 
 Setaram Perkin Elmer 
Tp (°C) 72.8 ± 0.1 73.4 ± 0.1 
∆H (Jg-1 starch) 9.1 ± 0.3 12.4 ± 0.6 
 
 
In comparing the results for the two instruments, including the differences between the 
values for the enthalpy, there was no obvious basis for selecting either instrument. As 
the smaller samples gave reliable results, the Perkin Elmer unit was utilised for further 
analyses of the legume starches. It is noted that the limited data for enthalpy values 
available in the literature for pulse grains, typically show enthalpy values in the range of 
12 to 16 Jg-1 starch. 
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10.4 Analysis of various starches using Perkin Elmer DSC 7 
 
Prior to analysis of legume starches, analysis was carried out on starches from various 
non-leguminous sources, including wheat, maize and potato. A summary of the findings 
is presented in Table10.5, and the literature comparison of those starches can be found 
in Table 10.6. 
 
Table 10.5 Comparison of gelatinisation characteristics of starches from maize, 
potato and wheat 
 
Endothermic transition (°C) 
Starch 
To Tp 
∆H (J/g starch) 
Maize 64.3 ± 0.2 68.8 ± 0.2 26.5 ± 0.6 
Potato 60.0 ± 0.1 63.2 ± 0.1 23.9 ± 0.5 
Wheat 55.8 ± 0.2 60.3 ± 0.1 18.7 ± 0.8 
 
 
Table 10.6 Literature data for the gelatinisation characteristics of starches from 
maize, potato, rice and wheat 
 
Endothermic transition (°C) 
Starch 
To Tp 
∆H (J/g starch) 
Maize 60.0 67.01,67.5 11.04/11.0 
Potato 57.8 61.81,66.5 15.94/15.4 
Rice 62.3 73.01,68.0 8.26/11.1 
Wheat 52.1 58.61,60.22 5.03/8.6 
 
Notes 1 Values from Setaram (1994) for slurries with starch-water ratio (1:1) obtained at a heating 
rate of 10°C/min 
 2 Values from Sekine and others (2000) for slurries with starch-water ratio (1:1) obtained at a 
heating rate of 10°C/min 
 3 for slurries with starch-water ratio (1:1) obtained at a heating rate of 10°C/min 
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10.5 Analysis of legume starches using Perkin Elmer DSC 7 
 
Some of the DSC thermograms of pulse starches are shown in Figure 10.6. All starches 
gave a single endotherm peak corresponding to the peak which is commonly referred to 
as the gelatinisation endotherm. This is ascribed to the water-mediated melting of the 
starch crystallites, which has been described as being initiated by stripping of starch 
chains by the swollen amorphous region (Hoover and Sosulski 1985). 
 
 
 
Figure 10.6 DSC thermograms of pulse starches 
 
Notes Thermograms obtained at a heating rate of 10°C/min 
 
A summary of the gelatinisation profile of various legume starches is shown in Table 
10.7, and some relevant literature data are summarised in Table 10.8 for comparative 
purposes. The DSC peak values of various pulse starches were ranked in the order of 
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mung bean >chickpea> faba bean> lentil. For starch isolated from mung bean, the 
gelatinisation peak and onset temperature were 65.7°C and 60.0°C respectively and 
transition enthalpies (∆H) were 2.0Jg-1 (expressed per gram of starch-water mixture) 
and 5.7Jg-1 starch. The starch extracted from lentils showed the characteristics with the 
greatest difference from those of mung bean. For lentil starch, the gelatinisation peak 
was 58.9°C, onset temperature was 53.7°C and the enthalpy was 3.1Jg-1 mixture and 
9.2Jg-1 starch. 
 
In comparing the data obtained in the current study with the literature, it is emphasised 
that there is relatively little published data available. The only pulses directly relevant to 
the current study which have previously been mentioned are chickpea and lentil (Singh 
and others 2004). The most obvious difference is in the apparent range of temperatures 
over which gelatinization occurs. The variation in gelatinization temperature range 
among the pulse starches from the current study was somewhat greater than those 
implied by the DSC thermograms reported by Singh and coworkers. 
 
The larger ∆H values for starches of chickpea and lentil (Table 10.7) indicates that, in 
these, there are greater interactions (via hydrogen bonding) between double helices (that 
are packed in clusters) forming the crystalline region (Hoover and Sosulski, 1985). 
Consequently, the ∆H is associated with dissociation and unravelling, involving 
hydrogen bonds being broken during gelatinization and melting of the double helices. 
 
Table 10.7 Comparison of gelatinisation characteristics of pulse starches 
 
Endothermic transition (°C) 
Starch 
To Tp 
∆H (Jg-1 starch) 
Chickpea 60.8 ± 0.1 65.0 ± 0.4 8.9 ± 0.7 
Faba bean 56.8 ± 0.2 63.0 ± 0.5 7.6 ± 0.4 
Lentil 53.7 ± 0.5 58.9 ± 0.4 9.2 ± 0.1 
Mung bean  60.0 ± 0.6 65.7 ± 0.2 5.7 ± 0.2 
Commercial mung bean 
 ±  73.4 ± 0.1 12.4 ± 0.6 
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One of the more obvious issues arising from the analyses summarised in Table 10.7 is 
the differences of DSC results of laboratory isolated mung bean starch and commercial 
mung bean starch. The difference in thermal properties may reflect that the two mung 
bean starch samples might have been isolated with different procedures. Alternatively, 
the commercial starch sample may have been subjected to some form of modification 
process, or the mung bean grains might be genetically different from those used in the 
current study. The higher gelatinisation temperature of the commercial mung bean 
starch indicates that the starch mixture remains in its amorphous form to a higher 
temperature before the starch reacts with the moisture. This difference may result in the 
two starch preparations having different applications related to the specific 
characteristics required for the production of certain products. 
 
Table 10.8 Literature data of gelatinisation characteristics of pulse starches 
 
Endothermic transition (°C) 
Starch 
To Tp 
∆H (Jg-1 starch) 
Chickpea 58.8-60.3 64.1-68.2 9.2-12.8 
Faba bean 
   
Lentil 60.2-63.5 65.2-70.3 12.2-13.7 
Mung bean  
 70.9 9.1 
 
Notes  DSC results of mung bean slurry with starch-water ratio (1:2) obtained at a heating rate of 
5°C/min 
 1 Values from Hoover and Ratnayake (2002) for slurries with starch-water ratio (1:3) 
obtained at a heating rate of 10°C/min 
  DSC results of chickpea and lentil slurries with starch-water ratio (1:3) obtained at a heating 
rate of 10°C/min 
  Literature sourced from Sekine and others (2000) 
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10.3 HSOM 
 
In addition to DSC, starch gelatinisation can be conveniently studied with HSOM, in 
which the temperature of the microscope stage is heated under carefully controlled 
conditions and the changes are viewed in conjunction with the optical microscope. Still 
images and clips of the whole process may then be captured and stored on computer. 
 
10.3.1 Sample preparation 
 
The sample preparation for HSOM has been the same as that used for DSC. Starch and 
water were weighed into a small beaker at a ratio of 1:2, stirred thoroughly and sealed. 
The starch-water slurry was then set-aside for 18 hours at room temperature before 
running HSOM. This latter approach was adopted due to the results obtained with DSC 
demonstrating that those results were more repeatable following this approach. 
 
10.3.2 HSOM imaging of gelatinisation 
 
The starch slurry samples (10µL) were pipetted onto microscope slides and sealed 
immediately with cover slips. The slides with the samples were then heated from 25°C 
to 90°C at a rate of 5°Cmin-1 utilising the temperature control features of the HSOM. 
The gelatinisation of starch was observed at a magnification of 40× and images were 
taken at a series of selected temperatures. 
 
Images of ungelatinised starch granules prepared from chickpea, faba bean, lentil and 
mung bean captured at 35°C are shown in Figure 10.7. In general, lentil starch had the 
largest granules of all, while chickpea starch had the smallest. The granule size of faba 
bean starch was closer to lentil starch, and mung bean was closer to chickpea. All of the 
starches had a mixture of granule size and shape, which correlate with the findings from 
SEM. 
 
When the starches were examined under HSOM, a series of images were obtained and 
the gelatinisation patterns are presented in Figures 10.8 to 10.11. It was noted that the 
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starch granules initially undergo no obvious changes during heating, at least until 55°C. 
Visually the images were seen to begin to vibrate above approximately 50°C, and this 
probably corresponds with disruption of the intermolecular bonds, allowing water to 
penetrate the granules. At a temperature of a few degrees below the gelatinisation 
temperature established using DSC, some swelling was observed due to the uptake of 
water at temperatures close to the gelatinisation temperature values (Table 10.7). 
However, even after the gelatinisation temperature had been reached, there was further 
breakdown of the starch granular matrix structure. In the case of each of the pulse 
starches, it was observed that, over a relatively narrow range of temperatures granules 
started to swell, followed soon after by the breakdown of the granular structure. Once 
this occurs, the swelling is very rapid and there is a substantial increase in volume. Even 
at the higher temperatures of 80 and 90°C, there is still some evidence of the residual 
granular envelope material. 
 
In the case of each of the starches, the temperature at which gelatinisation was observed 
in the HSOM micrographs corresponded closely with the peak gelatinisation 
temperatures established using DSC. During gelatinisation, the crystalline structure of 
starch granules is disrupted, due to breakage of hydrogen bonds which occur between 
parts of the starch molecules, with the concurrent formation of new hydrogen bonds 
between water molecules and the exposed hydroxyl groups of Am and Ap.  
 
The swelling and pasting characteristics of chickpea, faba bean and mung bean starch 
are similar to each other and show patterns which were expected for pulse starches. 
Lentil starch granules did show images which were slightly different from the others 
and also had the lowest gelatinisation temperature (58.9°C). The granules of lentils 
show a gelatinisation pattern in which the extent of swelling is less and it is noted that 
not all of the granules from lentil starch have lost their structure. At elevated 
temperatures there did appear to be retention of granular structure. 
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Figure 10.7 A comparison of ungelatinised starch granules prepared from 
chickpea (top left), faba bean (top right), lentil (lower left) and 
mung bean (lower right) captured with the HSOM at 35°C and 40× 
magnification 
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Figure 10.8 HSOM of chickpea starch granules during gelatinisation as 
observed using HSOM corresponding with temperatures (°C) of 25, 
35, 45, 47, 50, 55, 59, 60, 68, 70, 80, and 90 (top left to lower right) 
 
Notes 1 Images obtained at selected temperatures with a heating rate of 5°Cmin-1 
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Figure 10.9 HSOM of faba bean starch granules during gelatinisation as 
observed using HSOM corresponding with temperatures (°C) of 25, 
35, 45, 50, 55, 60, 65, 68, 70, 75, 80, and 90 (top left to lower right) 
 
Note Images obtained at selected temperatures with a heating rate of 5°Cmin-1 
 
 
Chapter 10 
 
 
130 
 
   
   
  
 
   
 
 
Figure 10.10 HSOM of lentil starch granules during gelatinisation as observed 
using HSOM corresponding with temperatures (°C) of 25, 35, 45, 
50, 53, 55, 58, 60, 65, 70, 80, and 90 (top left to lower right) 
 
Note Images obtained at selected temperatures with a heating rate of 5°Cmin-1 
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Figure 10.11 HSOM of mung bean starch granules during gelatinisation as 
observed using HSOM corresponding with temperatures (°C) of 25, 
35, 45, 50, 55, 59, 62, 65, 70, 80, and 90 (top left to lower right) 
 
Note Images obtained at selected temperatures with a heating rate of 5°Cmin-1 
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10.4    Summary of the results of DSC and HSOM 
 
In considering the results obtained using DSC and HSOM, it is noted that the latter 
technique simply shows the appearance of the granules at particular temperatures. For 
each of the pulse starches relatively little change was observed until a temperature very 
close to that of the peak gelatinisation temperature had been reached. Very little 
swelling occurred at lower temperatures. A rapid increase in size was seen shortly after 
the peak temperature for gelatinisation. These observations confirm previous reports 
that emphasise the limitations of HSOM (Ratnayake and others 2002). None-the-less, 
the changes in appearance seen visually do confirm the results of DSC in terms of the 
temperature of gelatinization and particularly demonstrate that the patterns found for the 
four pulse starches are not the same, with that for lentils being the most distinctive. 
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Chapter 11 
 
Results and discussion:   clarity and viscosity characteristics 
of legume starches 
 
 
 
The purpose of this chapter is to describe and discuss the results obtained during the 
analysis of legume starches for clarity and viscosity. These were primarily assessed 
using a spectrophotometric procedure and the Rapid Visco-Analyser, respectively. This 
chapter encompasses the validation of the analytical method, along with results for 
commercial mung bean starch and those prepared in the laboratory. 
 
11.1  Introduction 
 
Starch is used widely as an ingredient in food manufacture. One of its major functions is 
to impart viscosity to the food products. The appearance of a starch gel is also important 
with the preference for particular clarity attributes varying from one product to another. 
For example, the general preference for a starch used to thicken gravy would be for one 
which is opaque, whereas the starch added into the filling of a fruit pie such as an apple 
pie would typically be transparent (Pomeranz 1991). The clarity characteristics vary 
depending upon the source of starch, and these properties may also be modified by 
chemical reaction. 
 
As with many of the properties of starch from different plant tissues and sources, the 
viscosity characteristics vary widely. Not only is the peak viscosity of interest, there are 
also other parameters which can be measured and which reflect changes to the viscosity 
upon maintaining the paste at high temperature and when the material is cooled so that 
retrogradation is initiated. In order to select starches for particular applications it is 
useful to measure these different aspects of pasting and viscosity. 
 
The application of native starches as ingredients in food processing is frequently 
limited, due to cohesive texture, heat and shear sensitivity, lack of clarity, opacity and 
low viscosity. Retrogradation or precipitation can occur during storage, posing 
additional problems. This has led to the production of specialty starches, which can 
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provide consistent results specific to the requirements for particular products. The 
utilisation of specialty starches continues to outpace that of unmodified starches in the 
food processing industries because of their ruggedness and ability to withstand severe 
process conditions (Sajilata and Singhal 2005). 
 
11.2  Clarity test  
 
The clarity and whiteness properties of the legume starch pastes were studied using the 
method developed by Craig and others (1989). Although other experimental procedures 
had been reported previously, this method has been used by various workers and it has 
been found to provide reliable results which differentiate starches readily. A maize 
starch sample along with a commercial mung bean starch were also included in this 
study to facilitate validation of the procedure and to serve as reference materials. Starch 
pastes were prepared from a suspension which was placed in a boiling water bath, 
cooled and then transmittance readings were taken with the spectrophotometer. 
 
In the measurement of the appearance of starch pastes, the %T value is used directly as 
a measure of clarity. In the original publication, Craig and others (1989) describe 
opacity as being the opposite of clarity. The results obtained with this procedure are 
presented in Figure 11.1. In comparison with water, maize starch has the lowest clarity, 
with mung bean starch showing the highest clarity of all. The commercial mung bean 
starch and the laboratory mung bean starch demonstrated similar clarity characteristics. 
This confirms that the starch extracted in the laboratory is similar to the commercially 
produced starch, at least in this aspect of appearance. 
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Figure 11.1 Clarity of various legume starch pastes 
 
Note 1 The samples designated as 1 and 2 represent the readings for determinations of two starch 
pastes prepared from the same starch sample 
 2 The abbreviation CMB refers to commercial mung bean 
 
 
Photographs of legume starch pastes in comparison with water were taken whilst these 
were in the spectrophotometer cuvettes, utilising illumination with incandescent lamps 
positioned on both sides of the camera. One set of photographs were taken with the 
cuvettes placed in front of a white background while for another set a black background 
was used. These photographs served as the record of clarity and whiteness observation 
and examples are presented in Figures 11.2 to 11.5. 
 
For the purpose of this study, a scoring system was also applied to compare the clarity 
and whiteness of the starch pastes. The clarity of the starch pastes was judged from the 
legibility of an object which was observed through the paste. This was done by placing 
an object (the word ‘clarity’ printed on white paper) behind the starch paste and 
illuminating from the front (Figures 11.2 and 11.4). The starch pastes were ranked from 
0 to 10 in comparison with water which was allocated a score of 10. Whereas with the 
case of whiteness, water was considered dark with a ranking of 10. The whiteness of 
starch pastes was determined against a black background (Figures 11.3 and 11.5). 
Chapter 11 
 
 
136 
 
In addition to the photographs showing clarity and whiteness a summary of the results is 
provided in Table 11.1. It is noted that the pictures have been presented in both black 
and white as well as coloured forms in order to emphasise different aspects of the 
appearance of the starch pastes. Significantly, an orange tint was observed with the faba 
bean and lentil pastes, which was contributed by the seed coats (refer also to the 
discussion in Section 7.7). These observations confirm the appearance as well as the 
results obtained for colour of the starch powders. Chickpea starch scored two out of ten 
in the clarity evaluation and commercial mung bean starch was rated at five out of ten. 
Most of the clarity scores correlated well with the results for %T with the exception of 
commercial mung bean starch. By looking at the %T, the laboratory isolated mung bean 
starch would be expected to have a clearer paste than the commercial mung bean starch, 
but this is not demonstrated in the photograph. None-the-less, there was only a minor 
difference detected between the two mung bean starch pastes. 
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Figure 11.2 A comparison of clarity of various legume starch pastes with water 
 
Note 1 Left to right: commercial mung bean starch, chickpea, faba bean, lentil, mung bean, and water 
 2 The picture is presented in black and white form to highlight differences in clarity 
 3 Starch pastes (1%) were prepared according to the methods developed by Craig and others 
(1989) 
 
 
 
 
Figure 11.3 A comparison of whiteness of various legume starch pastes with water 
 
Note 1 Left to right: commercial mung bean starch, chickpea, faba bean, lentil, mung bean, and water 
 2 The picture is presented in black and white form to highlight differences in whiteness 
 3 Starch pastes (1%) were prepared according to the methods developed by Craig and others 
(1989) 
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Figure 11.4 The appearance of the starch pastes presented in Figure 11.2, 
presented in colour to highlight the differences between the samples 
 
Note 1 Left to right: commercial mung bean starch, chickpea, faba bean, lentil, mung bean, and water 
 2 Starch pastes (1%) were prepared according to the methods developed by Craig and others 
(1989) 
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Chapter 12 
 
Results and discussion:   the incorporation of legume starches 
into food product formulations 
 
 
 
This chapter describes and discusses the incorporation of starch into several model food 
systems. The preparation of the products and the sensory evaluation carried out were 
designed to investigate the feasibility of replacing commonly used starches with the 
legume starches extracted in this study. 
 
12.1  Introduction 
 
Starches extracted from legumes are often used in food production, not so commonly in 
Western cuisines but quite frequently for Asian foods. Among the various aims of this 
study, one has been to assess the potential of legume starches for incorporation into 
food products. Furthermore, the specific objectives have been to investigate if the 
legume starches can be applied inter-changeably, and if legume starch may effectively 
replace other types of starches in food products. For this, a number of products were 
initially considered and two were ultimately chosen to be studied for legume starch 
incorporation, and evaluation by a sensory panel. 
 
One popular group of products in Chinese and Southeast Asian cultures is vermicelli. 
These are also commonly known as glass noodles, transparent noodles, bean threads and 
mung bean noodles. Within individual countries there are particular designations, so for 
example in Thailand the name used is woon sen. Throughout Asia the product is 
primarily made from mung bean starch and water, although some manufacturers modify 
the formulation by incorporating other starches or flour. It is likely that the process of 
vermicelli making differs from one manufacturer to another. In addition, there is no one 
approach adopted for laboratory preparation in the limited publications in this area. 
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While vermicelli is typically used in savoury dishes, Asian style coconut cake is a sweet 
product. Coconut is a fruit that is consumed on a daily basis in various South East Asian 
countries. The juice and flesh can be consumed fresh without further processing, never-
the-less a variety of manufactured products is from these materials. Some examples are 
alcoholic beverages, packaged drinks, jelly, coconut cream or milk and desiccated 
coconut. Oil and essence are also extracted from coconut. Coconut cream is a common 
ingredient used in daily cooking in these countries. It is usually added to curry, coconut 
rice, cakes and other forms of desserts. In this context it is noted that the terms coconut 
cream or milk may refer to different ingredients and to avoid ambiguity, the two terms 
are used here to refer to an aqueous extract of the white flesh of the coconut.  
 
As coconut cake is a traditional food in a number of countries, there are various 
formulations and procedures available for this product. All include a starch based 
material with tapioca starch being widely used, typically in combination with some 
form of flour most commonly from rice or wheat. In order to ensure that the coconut 
cake was at least of moderate appeal some preliminary trials were required. Based on 
the nature of the product, it was expected that the factors of greatest significance would 
be the proportion of the ingredients and the cooking time. Therefore some investigations 
were carried out on the formula and processing method, forming the basis of the 
approach eventually adopted and described in Section 5.14 of Materials and Methods in 
preparing samples for sensory evaluation. 
 
12.2 Selection of the vermicelli preparation procedures 
 
Vermicelli is a popular ingredient in Asian style cooking. It is usually made of mung 
bean starch, sometimes in a combination with other types of starch or flour. It is widely 
manufactured around China and South East Asian countries. 
 
For this study, a laboratory method for vermicelli preparation was selected and set up to 
reflect, as far as possible, typical commercial formulation and processing practices. 
Consideration was given to a series of different published approaches (Singh and others 
1989; Singhakul and Jindal 1990). One of these involved extrusion of a slurry of 
ungelatinised starch into boiling water, whilst the selected method used a pregelatinised 
paste which was extruded into cold water (Singh and others 1989) and was chosen as a 
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relatively simple, practical approach. In this, starch powder was mixed with cold water 
(1:7 w/v) and boiled for 5min. The hot starch gel was immediately extruded into cold 
water, through an aperture having a 2mm diameter opening. 
 
The suitability of particular processing conditions was assessed on the basis of the 
product quality compared to that of popular commercial products. Based on the 
description of Singhakul and Jindal (1990) initial trials involved a measuring jug with 
three 2mm holes drilled in the base. This was used as a simple extruder with the starch 
gel draining directly into cold water under the influence of gravity. Difficulties were 
encountered when a 1:7 w/v starch-water gel was used as this material did not flow 
readily. In order to facilitate extrusion, a starch gel with 1:10w/v ratio was prepared and 
this formed short noodle strands having diameter that was wider than 2mm. When the 
gel was forced through the aperture by applying force with a metal spoon, longer 
strands were formed. The texture of the resultant vermicelli strands formed with 1:10 
w/v starch-water ratio was too soft compared to the commercial products. 
 
As an alternative means of extruding small volumes, a syringe (60mL) was considered 
for extrusion of the starch paste. It was found that after the starch-water mixture (1:7 
w/v) was boiled for 5min, the syringe was not effective as the paste was too thick to 
extrude readily. However, if the boiling time was reduced by half the vermicelli could 
be extruded to give a product similar to those available commercially. 
 
To further optimise the preparation steps, samples of vermicelli were prepared from 
slurries having two different starch-water ratios (1:7 w/v and 1:8 w/v). Following 
extrusion, the samples were dried on paper towel for 13 hours under ambient conditions 
and then at 40°C in an oven for 2 hours and 3 hours respectively. Of the two vermicelli 
preparations, that from the 1:8 w/v starch-water ratio was more appealing in appearance, 
thickness, colour, texture and uniformity. Two commercial products (Xue Lian and CTF 
brands) were used as reference samples and the ingredients of both are listed in Table 
12.1. When comparing the laboratory vermicelli through sensory evaluation, Xue Lian 
had an attractive mouthfeel, CTF was quite sticky and transparent, 1:7 w/v starch-water 
ratio was quite irregular and hard, and the sensory profile of 1:8 w/v starch-water ratio 
was similar to Xue Lian.  
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Table 12.1 The ingredients declared on the packaging of commercial vermicelli 
samples 
 
Brand Ingredient list 
CTF Green mung bean (85%), water (15%) 
Xue Lian Green bean, peas, broad bean, starch 
 
Note As stated on the packaging of the products 
 
 
On the basis of the preliminary investigations, it was decided to use 1:8 w/v starch-
water ratio as the final formulation for vermicelli preparation. The starch and water 
were brought to boil in a saucepan heated on a gas cooktop appliance with continuous 
mixing. Once the mixture started to boil, the flame was adjusted until the starch paste 
was simmering. Gentle heating was continued for 3min, followed by extrusion into cold 
water to form vermicelli strands. The water was drained and the strands dried prior to 
storage. These final preparation procedures have been described in Section 5.14.1. 
Consumers usually buy dry vermicelli in packages, and pictures of a commercial sample 
are shown in Figure 12.1. As there was no visual distinct difference in colour or 
appearance, no pictures are presented for the laboratory samples. On the other hand, 
SEM was found to be useful and was applied to comparisons of commercial and 
laboratory samples. 
 
12.3  Selection of a suitable magnification for starch vermicelli observation 
 
In order to evaluate the vermicelli samples produced in the laboratory and to confirm 
that these were similar to commercial samples, uncooked strands were observed by 
SEM. For this, the surface of strands were viewed and so that the cross-sectional shape 
could be compared, short strands were bent into an L-shape and mounted on the sample 
holder of the SEM. To establish the most suitable magnification, a commercial product 
(CTF brand) was used and both the cross section and surface were studied under 
magnifications of 100×, 200×, 400×, 800× and 1500×. The resultant images are 
presented in Figures 12.2 and 12.3. 
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Figure 12.1 A typical commercial vermicelli product 
 
 
Magnification 100× allowed the cross section and surface of the vermicelli strand to be 
compared clearly and easily, whereas magnifications of 400× or 800× clearly provided 
detail of the appearance of the vermicelli. These magnifications could be used for closer 
examination of the appearance if differences were detected at a magnification of 100×. 
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12.4 Variability of commercial vermicelli 
 
In a preliminary evaluation of vermicelli samples it was observed that considerable 
variation in shape, dimensions and microstructure occurred. In order to clarify this, the 
variability of individual commercial samples was investigated and for this SEM was 
used at a magnification of 100×. The cross section and surface of three different strands 
of vermicelli from a package was examined. The shape of the cross sectional area, as 
well as the appearance of the external surface of the vermicelli varied between the three 
strands and this is shown in Figure 12.4. 
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12.5 The comparison of commercial and laboratory produced vermicelli 
 
Having observed variation in a commercial sample, Figures 12.5 and 12.6 show the 
cross section and surface of two commercial samples (CTF and Xuelian) in comparison 
with two laboratory samples. The two laboratory samples were prepared in the same 
way, except that one had one part of starch mixed with seven parts of water prior to heat 
treatment, and for the other the ratio was one part of starch to eight parts of water. 
 
  
  
 
Figure 12.5 Cross section of commercial and laboratory produced vermicelli 
under magnification 100× 
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Figure 12.6 External surface of commercial and laboratory vermicelli under 
magnification 100× 
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In discussing the images comparing the laboratory and commercial samples of 
vermicelli, it is firstly noted that there was considerable variation in the cross-sectional 
shape of each individual sample. In contrast, the external surfaces of each of the 
samples showed relatively little variation. In the context of presenting the images shown 
in Figures 12.5 and 12.6, it is emphasised that considerable care was exercised when the 
samples were in the SEM chamber and the images were being taken to ensure that at 
least ten distinct areas for each sample were inspected. In subsequently selecting images 
for presentation, every effort was made to ensure that those shown here were typical and 
representative. 
 
The cross sectional structures of the commercial samples differed in that CTF showed 
quite a number of air bubbles within the structure, whereas the Xue Lian contained none 
and had a more uniform appearance. The shapes were as might be expected for a fluid 
material extruded through a circular orifice. In contrast the laboratory samples had more 
angular shapes with that having a ratio of 1 to 7 being almost triangular. The presence 
of large air bubbles in the cross section for the sample having a ratio of 1 to 8 showed 
that the structure was less uniform.  
 
The external surfaces of the two commercial samples (Figure 12.6) appeared to be quite 
similar to each other with a relatively smooth surface showing only small pieces of solid 
material that was jagged or might readily break off if an abrasive force was applied. The 
two laboratory products prepared with the different ratios of starch also had a similar 
appearance to each other with an even smooth surface, relatively few irregularities and 
no regions that had loose material that might be subject to loss upon abrasion. 
 
In summary, from the application of ESEM to the various samples of vermicelli, it is 
firstly concluded that there is considerable structural variation inherent in the strands of 
commercial products and that there is also variation between the various samples 
available in the marketplace. In this context the procedure developed for preparation of 
the product in the laboratory was designed to utilise minimal amounts of the starches. 
The ESEM results confirm that the laboratory products are similar structurally and show 
similar levels of variability in terms of diameter as those produced commercially in 
Asian processing plants. It is concluded that the resultant laboratory vermicelli provides 
an appropriate means to compare the pulse starches. 
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12.6 The approach adopted for sensory evaluation of vermicelli 
 
In order to establish if there were any differences in preferences for the products made 
from the various legume starches, a sensory evaluation process was conducted. A 
questionnaire was designed to investigate the preference of panellists in terms of 
appearance, aroma, texture, mouthfeel, aftertaste and overall preference of the samples. 
A sample questionnaire is shown in Appendix 1 
 
The samples for sensory evaluation were arranged in the same order for every panellist. 
The products were served in the sequence of those prepared using chickpea, faba bean, 
lentil, mung bean and finally commercial mung bean starch. 
 
The sensory scores of all twelve panellists for vermicelli are summarised in Table 12.2, 
while Table 12.3 shows the scores for various sensory attributes. In Table 12.2, 
questions 1, 2, 3, 4, 5 and 6 are associated with the appearance, aroma, texture, 
mouthfeel, aftertaste and overall preference of the samples respectively. Each attribute 
preference of different samples was scored in the same sequence, for examples, question 
1.1 is appearance of chickpea starch vermicelli, question 1.2 is the appearance of faba 
bean starch vermicelli, and so forth for the rest of the samples in the order that was 
mentioned at the beginning of this section (Section 12.6). Questions 1.6, 2.6, 3.6, 4.6, 
5.6 and 6.6 are the preference for each of the attributes mentioned before. These 
preferences are compared in Table 12.3, and score 1 to 5 represent preferences for 
samples made with starches of chickpea, faba bean, lentil, mung bean and commercial 
mung bean respectively. A summary of the preference is shown in Table 12.4, where 
the number of panellists who preferred a certain sample is indicated. This in turn shows 
the ranking of preference of each sample, and provides an insight to which starch can be 
incorporated in vermicelli products. 
 
To investigate if the sensory preference would be affected by the cultural background 
and the age group, the panellists who were chosen for this study were categorised as 
being under or over forty years of age, and also as having either Western or Asian and 
African backgrounds. The findings are summarised in Table 12.5. 
 
12.7 Results of sensory evaluation of vermicelli 
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The sensory scores of all twelve panellists for vermicelli samples are presented in Table 
12.2, and Table 12.3 shows the scores for various sensory attributes. Table 12.4 
summarises the number of panellists who preferred a particular sample. 
 
Generally vermicelli made with chickpea starch was the most preferred sample, as it 
was chosen more frequently for appearance and overall preference, and was ranked 
second for texture. More than half of the panellists had trouble identifying the aroma 
and aftertaste, some indicating that no smell or aftertaste could be detected. Three of the 
panellists preferred the aroma of the sample that was made from chickpea starch and 
two preferred commercial mung bean starch. Regarding aftertaste, each of the chickpea, 
mung bean and commercial mung bean starches were the preference of two panellists. 
The highly preferred texture was from the samples that were prepared using lentil and 
chickpea starch. The preference of mouthfeel was distributed evenly amongst the 
participants. For the overall preference, six panellists chose chickpea starch vermicelli 
whereas none liked the product made from lentil starch. 
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Table 12.2  Results of sensory evaluation on vermicelli samples made from 
chickpea, faba bean, lentil, mung bean and commercial mung bean 
starch 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
mean s.d. 
1.1 7.9 5.0 10.0 10.0 7.5 7.7 10.0 8.1 8.7 7.5 9.7 8.4 8.37 1.46 
1.2 3.8 5.1 7.5 2.5 2.5 0.0 2.5 5.9 2.5 3.9 4.6 4.4 3.76 1.95 
1.3 3.9 7.6 7.5 5.0 5.0 5.0 5.0 2.5 4.8 2.5 7.2 4.4 5.03 1.70 
1.4 4.5 5.0 2.5 2.5 5.0 7.6 5.0 0.9 5.7 7.5 0.3 6.3 4.40 2.39 
1.5 9.9 2.5 10.0 10.0 7.5 10.0 10.0 5.0 8.3 3.7 2.3 8.9 7.34 3.10 
2.1 5.0 5.0 10.0 5.0 7.5 5.0 0.0 5.0 5.0 5.0 9.7 5.0 5.60 2.59 
2.2 5.0 5.0 7.5 5.0 2.5 5.0 0.0 5.0 5.0 5.0 5.0 5.0 4.58 1.79 
2.3 5.0 5.0 7.5 5.0 5.0 5.0 0.0 5.0 5.0 3.7 0.2 5.0 4.28 2.13 
2.4 5.0 5.0 7.5 5.0 5.0 5.0 0.0 5.0 5.0 5.0 2.7 5.0 4.60 1.77 
2.5 5.0 5.0 7.5 10.0 10.0 5.0 0.0 5.0 5.0 0.2 5.0 5.0 5.23 3.07 
3.1 4.0 7.5 10.0 7.5 7.5 2.5 5.0 7.1 3.3 6.2 4.8 6.7 6.00 2.14 
3.2 5.7 7.5 10 2.5 5 2.5 5 4.5 2.7 0.6 0.2 6.8 4.42 2.88 
3.3 3.9 7.5 10.0 5.0 5.0 2.5 7.5 5.5 4.2 0.9 5.4 8.1 5.46 2.52 
3.4 2.8 7.5 10.0 2.5 10.0 0.0 5.0 2.9 1.7 3.6 4.4 6.8 4.77 3.20 
3.5 6.0 7.5 10.0 5.0 10.0 2.5 7.5 0.6 3.7 3.7 0.2 6.8 5.29 3.27 
4.1 8.0 0.0 10.0 7.5 5.0 2.5 5.0 5.0 6.0 8.7 2.2 5.4 5.44 2.89 
4.2 8.0 2.5 10.0 2.5 7.5 5.0 5.0 0.9 4.3 0.8 0.1 5.5 4.34 3.12 
4.3 3.9 5.0 10.0 5.0 7.5 2.5 7.5 3.7 5.4 0.8 7.3 8.7 5.61 2.68 
4.4 2.3 5.0 10.0 2.5 5.0 2.5 5.0 2.5 2.3 0.9 4.8 5.7 4.04 2.42 
4.5 7.0 0.0 10.0 5.0 7.5 2.5 10.0 5.0 4.8 3.7 2.2 5.5 5.27 3.02 
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Table 12.2  Results of sensory evaluation …………….. continued from previous page 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
mean s.d. 
5.1 5.0 5.0 10.0 5.0 5.0 5.0 5.0 5.0 6.1 5.0 5.0 5.0 5.51 1.45 
5.2 5.0 5.0 10.0 7.5 7.5 5.0 7.5 5.0 4.7 1.3 5.0 5.0 5.71 2.16 
5.3 5.0 7.5 10.0 7.5 7.5 5.0 7.5 5.0 2.8 2.5 5.0 5.0 5.86 2.18 
5.4 5.0 7.5 10.0 7.5 7.5 5.0 7.5 5.0 5.3 1.3 5.0 5.0 5.97 2.19 
5.5 5.0 2.5 10.0 7.5 5.0 5.0 7.5 5.0 3.9 2.5 5.0 5.0 5.33 2.13 
6.1 6.9 5.0 10.0 7.5 7.5 2.5 5.0 5.0 7.9 6.7 9.1 5.5 6.55 2.06 
6.2 5.7 5.0 10.0 5.0 2.5 5.0 5.0 1.6 6.3 2.5 0.1 5.6 4.53 2.57 
6.3 4.7 7.5 10.0 5.0 5.0 2.5 5.0 2.5 5.6 3.2 7.2 8.6 5.57 2.36 
6.4 3.2 7.5 10.0 5.0 7.5 2.5 7.5 2.1 5.0 3.3 4.7 5.6 5.33 2.41 
6.5 8.9 2.5 10.0 7.5 10.0 2.5 10.0 4.2 7.7 2.7 2.3 5.6 6.16 3.22 
 
Notes The questions are shown in the form used by panellists and presented in Appendix 1 
The scores are those of individual panellists and ranging between 0 and 10 
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Table 12.3  Results of preferences for various attributes of vermicelli samples 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
1.6 5 3 1 1 5 5 5 1 1 4 1 1 
2.6 nr nr 1 5 5 nr nr nr nr 1 1 nr 
3.6 nr nr 1 1 4 3 3 1 3 1 3 3 
4.6 nr 4 nr 1 3 2 5 5 1 1 3 nr 
5.6 nr 4 nr 5 4 nr 5 nr 1 1 nr nr 
6.6 nr 4 1 1 5 2 5 1 1 1 1 nr 
 
Note 1 nr indicates the panellist did not choose any option 
 2 The preferences for vermicelli samples made from particular starches are indicated as: 
1 chickpea  
2 faba bean  
3 lentil  
4 mung bean  
5 commercial mung bean starch 
 
 
Table 12.4  A summary for preferences of panellists towards various attributes of 
the vermicelli samples 
 
Preference expressed by panellist 
Question 
No 
preference Chickpea Faba bean Lentil Mung bean 
Commercial 
mung bean 
1.6 0 6 0 1 1 4 
2.6 7 3 0 0 0 2 
3.6 2 4 0 5 1 0 
4.6 3 3 1 2 1 2 
5.6 6 2 0 0 2 2 
6.6 2 6 1 0 1 2 
Total 20 24 2 8 6 12 
 
Note The values represent the number of panellists selecting the particular product or expressing no 
preference 
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The influence of cultural background and the age group of panellists as determinants of 
the sensory preferences for vermicelli samples are summarised in Table 12.5. It should 
be noted that two panellists from the category of Western and over 40 years of age did 
not indicate their preference. The results show that the cultural background and age 
group did not appear to show any direct relationship with the sensory preferences. 
 
Table 12.5  The number of panel members belonging to specific categories who 
rated particular samples as having the best overall sensory profile 
 
Starch source used in preparation of vermicelli product 
Category of panellist 
Chickpea Faba bean Lentil Mung bean Commercial 
mung bean 
Asian and African 4 0 0 0 2 
Western 2 1 0 1 0 
Under 40 years of age 5 0 0 0 2 
Over 40 years of age 1 1 0 1 0 
 
Note Two panellists from the categories of Western and over 40 years of age did not indicate a 
preference 
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12.8 Selection of the coconut cake preparation procedures 
 
A commonly used Asian style coconut cake recipe was used to make this product. 
Although there are many versions of the formulation available, that chosen for this work 
was from a source in Taiwan (National Changhua Girls's Senior High School 2006), as 
this appeared to be a relatively simple approach. From initial trials, the product was 
attractive and a suitable level of consistency was readily achieved from batch to batch. 
The ingredients included coconut milk, sugar, tapioca starch, medium glutinous flour 
and water. For the purpose of this study, the tapioca starch was substituted with the 
various legume starches. 
 
The original recipe had a coconut milk-water ratio of 1:1 v/v, but this gave too strong a 
coconut flavour and so was modified to 1:4 v/v. Two brands of canned coconut milk 
(TCC and Chef’s World Coconut Milk) were compared in preliminary trials on 
preparing coconut cake, it was decided that TCC had stronger coconut flavour and was 
more suitable for this recipe. This is due to TCC having 53% coconut extract and Chef’s 
World, 24% corresponding to the former having a fat content of 17% whereas the other 
contained 8%, on the basis of label data. 
 
Apart from investigating the type of coconut milk and the ratio of coconut milk and 
water, the thickness of the cake layer another of the parameters considered in some of 
the early stage trials. The cake prepared as a single, thick layer gave an unattractive 
eating profile, in which the outer surface was a very hard layer, whilst the core was 
relatively soft and sticky. Two alternative approaches to addressing this involved using 
a larger steaming container, resulting in a thinner cake, or preparing the cake with 
sequential addition of a series of thinner layers. The latter was adopted and it was found 
that when the cake mixture was divided into several portions, these had to be of equal 
weight, and the same time was used for steaming each layer. The ultimate appearance of 
the products can be seen in Figure 12.7. 
 
The final method for preparing coconut cake involved the following procedures. The 
starch (50g) and wheat flour (20g) were combined thoroughly in a mixing bowl 
(500mL) and set aside for later use. The coconut milk (50g) was mixed with water 
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(90g), and the liquid divided into two portions. Sugar (60g) was dissolved in the first of 
these, in a saucepan achieved by stirring and heating on a gas cooktop appliance, until 
the sugar crystals had just dissolved. The remaining half of the mixture was then added 
to the first and the two mixed thoroughly. Utilising a mixing bowl (500mL), the 
resultant sugar syrup was gradually poured into the starch and flour mix whilst this was 
being mechanically stirred in order to ensure that the material was smooth and uniform. 
The resultant liquid was subsequently passed through a wire mesh screen (approx 
aperture 0.5mm) to remove any particulate matter and then divided into three equal 
portions. 
 
The first portion of the cake mixture was poured into a metal plate (22cm diameter, 2cm 
height) and that was steamed for 5min. The second was then poured onto the first, 
followed by steaming for a further 5min and the procedure repeated for the third portion 
of the mixture. After steaming, the cake was left in the steamer to cool to room 
temperature (approx one hour), then stored in an airtight container until serving, 
typically overnight at room temperature. It is noted that refrigeration conditions were 
avoided as these impact strongly on the texture and overall acceptability of the product. 
The appearance of samples of coconut cake used for sensory evaluation is shown in 
Figure 12.1. 
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Chickpea 
 
Faba bean 
 
Lentil 
 
Mung bean 
 
Commercial mung bean starch 
 
 
Figure 12.7 Colour characteristics and general appearance of coconut cake 
samples prepared with the various legume starches and evaluated 
for quality attributes by the sensory panel 
 
Note that the pieces had dimensions of approx 15 × 15 × 20mm 
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12.9 Sensory evaluation of coconut cake 
 
The same approach to sensory evaluation was adopted for coconut cake as previously 
applied for vermicelli. A similar questionnaire was designed for coconut cake and this is 
presented in Appendix 1 The sensory scores for all twelve panellists for coconut cake 
made from various legume starches are recorded in Table 12.6, and Table 12.7 shows 
the scores for the various sensory attributes. Table 12.8 summarises the preferences for 
the coconut cake samples. The findings for sensory preference of panellists according to 
age group and having particular cultural backgrounds are summarised in Table 12.9. 
 
Table 12.6  Results of sensory evaluation on coconut cake samples made from 
chickpea, faba bean, lentil, mung bean and commercial mung bean 
starch 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
mean s.d. 
1.1 9.6 7.5 10.0 10.0 10.0 7.5 10.0 7.5 6.6 7.0 9.7 7.5 8.58 1.40 
1.2 2.2 2.5 2.5 5.0 7.5 2.5 2.5 3.8 4.3 4.4 5.7 3.3 3.85 1.62 
1.3 4.7 0.0 10.0 5.0 5.0 0.0 2.5 5.7 4.2 0.4 4.3 4.4 3.85 2.84 
1.4 6.9 5.0 10.0 5.0 7.5 5.0 7.5 7.5 5.5 7.1 7.2 5.8 6.67 1.48 
1.5 7.1 10.0 10.0 7.5 7.5 7.5 10.0 8.1 6.3 7.5 0.2 5.7 7.28 2.64 
2.1 6.1 7.5 5.0 5.0 10.0 5.0 10.0 5.0 4.3 5.0 9.6 4.3 6.40 2.26 
2.2 3.5 0.0 10.0 10.0 7.5 5.0 10.0 5.0 8.2 2.5 7.2 7.2 6.34 3.21 
2.3 5.0 5.0 2.5 5.0 2.5 10.0 10.0 5.0 6.0 5.0 5.2 7.0 5.68 2.37 
2.4 7.2 10.0 0.0 2.5 0.0 7.5 7.5 5.0 5.0 4.1 2.8 3.1 4.56 3.10 
2.5 5.0 7.5 5.0 0.0 7.5 5.0 2.5 5.0 5.0 9.1 0.2 8.2 5.00 2.92 
3.1 3.8 7.5 0.0 5.0 10.0 5.0 10.0 8.0 5.8 9.3 2.7 4.1 5.93 3.11 
3.2 5.5 5.0 2.5 7.5 5.0 0.0 10.0 5.9 5.4 3.7 9.8 5.3 5.47 2.79 
3.3 2.2 0.0 2.5 2.5 2.5 0.0 7.5 5.0 2.9 0.7 0.2 4.7 2.56 2.28 
3.4 3.0 5.0 2.5 2.5 5.0 5.0 10.0 5.0 6.2 3.8 7.2 6.7 5.16 2.17 
3.5 8.0 10.0 2.5 2.5 7.5 7.5 10.0 3.6 2.8 8.4 4.7 7.8 6.28 2.87 
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Table 12.6  Results of sensory evaluation …………….. continued from previous page 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
mean s.d. 
4.1 5.1 2.5 0.0 2.5 10.0 2.5 5.0 7 4.6 7.7 7.7 2.5 4.76 2.91 
4.2 7.1 2.5 10.0 7.5 7.5 0.0 10.0 4.6 6.4 0.4 5.5 4.4 5.49 3.29 
4.3 4.5 7.5 10.0 2.5 5.0 2.5 7.5 6.9 3.6 2.5 2.7 3.1 4.86 2.54 
4.4 4.5 10.0 2.5 2.5 7.5 5.0 7.5 7.5 4.2 2.5 2.8 6.9 5.28 2.54 
4.5 8.1 10.0 10.0 2.5 10.0 7.5 10.0 2.5 2.2 9.1 0.2 8.9 6.75 3.75 
5.1 5.2 7.5 2.5 2.5 5.0 5.0 7.5 6.4 6.6 9.3 7.7 0.5 5.47 2.57 
5.2 5.7 0.0 10.0 7.5 7.5 7.5 7.5 5.0 4.4 7.3 5.2 5.5 6.09 2.47 
5.3 5.2 10.0 10.0 5.0 7.5 10.0 7.5 4.2 6.1 6.2 2.8 6.4 6.74 2.36 
5.4 6.3 10.0 2.5 5.0 2.5 7.5 2.5 5.0 5.3 2.9 4.5 7.8 5.15 2.41 
5.5 7.8 7.5 10.0 5.0 10.0 7.5 10.0 2.5 4.3 9.7 0.2 8.1 6.88 3.22 
6.1 5.3 5.0 0.0 7.5 7.5 2.5 7.5 7.5 4.4 9.0 7.1 1.4 5.39 2.83 
6.2 6.7 0.0 10.0 7.5 7.5 0.0 7.5 4.1 5.7 1.6 5.5 7.3 5.28 3.22 
6.3 4.5 7.5 7.5 5.0 7.5 5.0 7.5 5.0 4.7 1.5 2.8 7.3 5.48 2.02 
6.4 3.8 10.0 2.5 5.0 5.0 2.5 5.0 6.7 4.0 2.5 4.7 6.9 4.88 2.19 
6.5 8.9 7.5 10.0 5.0 10.0 7.5 10.0 2.5 3.3 9.4 0.3 8.7 6.93 3.34 
 
Notes The questions are shown in the form used by panellists and presented in Appendix 1 
The scores are those of individual panellists and ranging between 0 and 10 
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Table 12.7  Results for preference of various attributes of coconut cake samples 
 
Panellist 
Question 
1 2 3 4 5 6 7 8 9 10 11 12 
1.6 nr 5 1 1 1 nr 1 5 1 1 1 1 
2.6 4 nr 2 2 1 3 1 nr 2 5 1 5 
3.6 nr 5 nr 2 1 5 5 1 nr 1 2 5 
4.6 nr 4 5 2 5 5 5 4 2 5 1 5 
5.6 5 4 5 2 5 3 nr nr 1 5 1 5 
6.6 5 4 5 2 5 5 5 1 2 5 1 5 
 
Note 1 nr indicates the panellist did not choose any option 
 2 The numerical key representing preference for coconut cake samples made from the following 
starches:  
1 chickpea 
2 faba bean 
3 lentil 
4 mung bean 
5 commercial mung bean starch 
 
 
Table 12.8  A summary for preference of panellists for various attributes of the 
coconut cake samples 
 
Preference expressed by panellist 
Question No 
preference Chickpea Faba bean Lentil Mung bean 
Commercial 
mung bean 
1.6 2 8 0 0 0 2 
2.6 2 3 3 1 1 2 
3.6 3 3 2 0 0 4 
4.6 1 1 2 0 2 6 
5.6 2 2 1 1 1 5 
6.6 0 2 2 0 1 7 
Total 10 19 10 2 5 26 
 
Note The values represent the number of panellists selecting the particular product or expressing no 
preference 
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The coconut cake sample that was rated most highly was made with commercial mung 
bean starch, followed by chickpea, faba bean mung bean and lentil starch. The coconut 
cake incorporating commercial mung bean starch was the most preferred as it scored 
most highly in texture, mouthfeel, aftertaste and overall preference. None of the 
panellists liked the overall sensory profile of the lentil starch coconut cake. The 
appearance of chickpea starch coconut cake was found to be the most appealing, while 
the darker colour of faba bean, lentil and mung bean were not appealing. Unlike the 
results for the vermicelli samples, for the coconut cake samples differences were 
detected in the aroma and aftertaste. No strong preference was found for aroma, unlike 
other sensory attributes for which there was usually one sample that was clearly 
preferred by more panellists. 
 
A summary of the impact of age and cultural background on sensory preferences is 
shown in Table 12.9. It was expected that Asian people might find all of the products 
acceptable whilst Westerners might have expressed preferences for fewer samples on 
the basis that they might prefer whiter products having more bland tastes. As for the 
findings with the vermicelli samples, no obvious differences were found in the sample 
preferences of panellists having different cultural backgrounds and age groups.  
 
Table 12.9  The number of panel members belonging to specific categories who 
rated particular samples as having the best overall sensory profile 
 
Coconut cakes  
Category of panellist 
Chickpea Faba bean Lentil Mung bean Commercial 
mung bean 
Asian and African 2 1 0 0 3 
Western 0 2 0 0 4 
Under 40 years of age 2 1 0 0 4 
Over 40 years of age 0 2 0 0 3 
 
  
 
 
Chapter 12 
 
 
172 
 
12.10 Summary of sensory evaluation  
 
The results of this study show that the starches isolated from the four pulse grains could 
be successfully incorporated during the preparation food products. Furthermore, whilst 
the textural characteristics of these did vary, the dominant observation was that the 
colour and appearance differed widely for the various starches. The variation in colour 
was more pronounced for the cake than for the vermicelli, possibly reflecting the 
geometry of the products where the strands presented a discontinuous surface in 
comparison with the coconut cake. 
 
With the vermicelli samples, those that were made from chickpea starch were preferred 
by most of the panellists, while the coconut cake made with commercial mung bean 
starch was ranked more highly. In both cases, none of the panellist preferred the 
samples made from lentil starch. However, the vermicelli from lentil scored quite highly 
for texture. By analysing the results of both vermicelli and coconut cake, it could be 
concluded that colour and appearance play a very important role in affecting the overall 
preference towards a food product. For the two types of product that were evaluated in 
this study, a lighter colour product that had a whiter profile was assessed as being more 
desirable. Accordingly, the effects of colour and appearance on the scores of other 
sensory attributes cannot be ruled out as the primary determinants of preferences for 
these products. 
 
No significant difference in the sensory preference was found for the factors of age 
group and cultural background. This is considered to be of importance as background 
might be expected to impact on the assessment of aroma and aftertaste. 
 
This study has demonstrated that there is potential for the incorporation of legume 
starches into food products. These starches may effectively substitute other types of 
starches in food products, but not all of the legume starches can be applied inter-
changeably, especially where product colour is strongly influenced. 
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Chapter 13 
 
General discussion and conclusions 
 
 
 
The purpose of this chapter is to summarise the results obtained during the current 
study, draw final conclusions and make recommendations for further research into the 
properties and characteristics of pulse starches, and their utilisation as novel food 
ingredients. 
 
13.1  Introduction 
 
During the development of this project, a survey of the literature indicated that there 
have been relatively few studies on legume starches, particularly in comparison to 
wheat, potato and maize starches. Recent studies have demonstrated benefits of pulses 
in the human diet and pulse starches may be significant as a source of resistant starch. In 
addition, there is an increasing demand for new ingredients from the food industry, and 
so further research is warranted into the properties, characteristics and nutritional values 
of pulse starches. 
 
The results described in this thesis fall into three broad areas. These are: 
1. Selection and validation of starch isolation procedures from legumes 
2. Analysis and characterisation of starch samples 
3. Incorporation of starch into model food systems and the sensory evaluation of the 
resultant food products. 
 
The results for each of these phases are now reviewed as a basis for presenting the 
primary conclusions of this project and a discussion of areas recommended for further 
research. 
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13.2  Selection, adaptation and validation of procedures for legume starch 
extraction 
 
Whilst method development was not the primary emphasis of this project, considerable 
effort was made to select and validate suitable methods for starch isolation. Firstly, 
various published methods were reviewed and several were trialled. Then modification 
was made in order to facilitate handling, particularly steeping and blending of grain 
samples, whilst producing acceptable yields.  
 
In this study, it has been confirmed that the size of the legume grain and the thickness of 
seed coat can influence the effectiveness of the steeping process. If the alkaline steeping 
solution could not readily penetrate the seed coat and soften the grain, starch isolation 
and homogenisation of grains was found to be difficult. The following modifications 
were found to facilitate the isolation procedure. Cracking of larger grains and 
prolonging steeping time assisted in the steeping and blending processes, whilst 
sedimentation instead of centrifugation allowed larger quantities of grains to be 
processed. 
 
The yields achieved during starch extraction were found to vary if the isolation 
techniques were modified. For instance, too short a steeping time did not provide a good 
yield when the sample consisted of larger grains, and if too much of the greenish-brown 
deposit of the protein-fibre layer was scraped, led to the recovery of reduced amounts of 
starch. Other strategies which were found to be useful included re-sieving of the 
blended material and blending the material twice in order to increase the yield of starch 
extracted by this method. 
 
The final isolation procedures involved steeping of legume grains in mild alkaline 
solution for forty-eight hours, followed by grain washing, double blending and double 
sieving. The starch slurry was then set aside for sedimentation at four degree Celsius for 
eighteen hours. Lastly, the collected starch was dried in an oven at forty degree Celsius 
for twenty-four hours. Pretreatment of grains was applied to faba bean and chickpea due 
to difficulties for steeping solution to penetrate the grains. These grains were cracked 
carefully with mortal and pestle prior to soaking. 
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The yields of starch recovered during the course of this study, ranged from 29 and 38%. 
A comparison of the yield of starch extraction from chickpea, faba bean, lentil and 
mung bean is shown in Table 13.1. 
 
Table 13.1 A comparison of yields of starch from legumes 
 
Legume Yield (%) 
Chickpea 34.8 
Faba bean 29.0 
Lentil 32.5 
Mung bean 38.0 
 
Notes 1 The results are from the summary to Table 6.4 
 2 Data are presented on a dry weight basis 
 
 
Whilst there is an ongoing requirement to review and refine isolation methods, the 
procedures adopted for the current study gave reasonable yield for further analyses. 
 
13.3  Analysis of starch samples 
 
The four starches extracted in laboratory were analysed by various experimental 
techniques during the course of this study. The purpose of these analyses was four-fold: 
firstly to ensure the validity of the extraction and analytical methods for starch samples; 
secondly to characterize the starches; thirdly to allow comparison with published data; 
and finally to provide a basis for predicting the potential for use in food formulations. In 
addition, during the course of this study various starch samples, particularly a 
commercial mung bean starch were analysed as reference materials. Some of these 
results are summarized in Tables 13.2 and 13.3. SEM showed that the legume starch 
granules are generally ellipsoidal in shape, the starch granules of faba bean and lentil 
were generally larger than those of the remainder of the legumes, and chickpea starch 
had the smallest granules. All of the starch samples showed predominantly larger 
granules mixed with some smaller granules. 
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Table 13.2 A summary of physicochemical properties of legume starches 
 
Starch Total 
starch Moisture Ash Protein pH 
Chickpea 101.8 13.5 0.186 1.41 6.83 
Faba bean 98.7 14.3 0.250 0.51 7.37 
Lentil 99.4 14.0 0.140 1.01 7.49 
Mung bean 98.9 13.3 0.190 0.30 7.19 
Commercial mung bean 
starch 
97.8 10.8 0.100 0.49 4.41 
 
Notes 1 Based upon data presented in Tables 8.10, 9.14, 10.15 and 11.14 
 2 Data are presented on a dry weight basis 
 
 
Table 13.3 A summary of physical properties of legume starches 
 
Granule size(µm) 
Starch 
SEM PSD  
Powder colour Paste clarity 
Chickpea 12-23 21.0 White Less opalescent 
Faba bean 15-37 22.0 White with brown hue 
Opalescent with 
tint of orange 
Lentil 18-31 23.9 White with brown hue 
Opalescent with 
tint of orange 
Mung bean 13-24 19.6 Pale green Opalescent 
Commercial mung bean 
starch 10-24 20.2 White Opalescent 
 
Notes 1 Based upon data presented in Tables 8.10, 9.14, 10.15 and 11.14 
 2 Granule sizes were estimated from micrographs as the range of diameters observed and data 
for PSD are the means of peak values from replicate distribution curves 
 
 
Even though it has previously been reported from XRD studies that legume starches 
have C-type crystallinity, the commercial mung bean starch exhibited a pattern more 
closely aligned to the A-type shown by the wheat starch and maize starch instead of the 
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typical pattern for the C-type as seen subsequently for the material isolated from the 
legume starches in the current study. 
 
Thermal properties of the pulse starches were studied with DSC, HSOM and RVA. The 
changes in appearance of starch granules while heating the starch slurry with HSOM 
confirmed the results of DSC in terms of the temperature of gelatinisation. In particular, 
the patterns found for the four pulse starches were not the same, with that for lentil 
being the most distinctive. The results of DSC (gelatinisation) and RVA (pasting) are 
shown in Table 13.4. The Tp of each legume starch was lower than the pasting 
temperature, probably due to the more rapid heating profile in the RVA system, the 
greater sample size and the limitation in thermal conductivity resulting from the RVA 
system. 
 
Table 13.4 A summary of thermal properties of various legume starches 
 
Gelatinisation Pasting 
Starch 
Tp (°C) ∆H (Jg-1)  Pasting (°C) Peak  Trough  
Chickpea 65.0 8.9  70.6 543.4 355.6 
Faba bean 63.0 7.6  74.9 306.5 210.8 
Lentil 58.9 9.2  67.1 578.5 348.3 
Mung bean 65.7 5.7  75.3 675.8 306.4 
Commercial 
mung bean 73.4 12.4  76.0 250.2 129.3 
 
Notes 1 Based upon data presented in Tables 8.10, 9.14, 10.15 and 11.14 
 2 Peak and trough values are expressed directly in RVA units 
 
 
Overall, the characteristics of the starches from the four legumes were similar. However 
there were differences in the pasting, viscosity and clarity attributes and this provided an 
indication that there may be variations in the sensory properties of the products when 
the starches are used as ingredients in food formulations. 
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13.4  Incorporation of starch into model food systems 
 
Accordingly, in order to further investigate the appeal of products incorporating the 
legume starches, two Asian foods were prepared in the laboratory under controlled 
conditions with the legume starches as ingredients. The two model food products 
selected were vermicelli and coconut cake, which represent savoury and sweet products 
respectively.  
 
Preliminary experiments were designed to optimise the formulation and the processing 
conditions to provide a product that was generally appealing. Various approaches to 
vermicelli preparation were trialled and the several extrusion methods were tested. The 
preparation with starch-water ratio of 1:8 was chosen after the elimination process and it 
was found that a syringe provided a practical option for extrusion of the starch pastes on 
a small scale. The product made experimentally was compared with selected 
commercial counterparts, particularly in relation to the uniformity of the strands. This 
was evaluated using SEM and each sample showed considerable variation both in cross-
sectional shape and in area along the length of a strand. Similarly, for the coconut cake, 
some modifications were considered particularly regarding the coconut milk and these 
included a reduction in the amount and the use of a lighter form in the formulation. In 
addition, a more attractive cake was obtained when it was steamed in several layers. The 
acceptability of the vermicelli and the coconut cake were evaluated by a sensory panel. 
 
13.5 Sensory evaluation of the food products containing starch 
 
Whilst the preferences for vermicelli made with the various starches did not reflect a 
response to colour, for the coconut cake, colour did have a significant impact on 
preference; generally lighter coloured products were rated as more highly desirable. 
Vermicelli and coconut cake samples that incorporated chickpea starch were both 
preferred by most of the panelists over those containing the other legume starches. Age 
and cultural background appeared to have no significant influence on sensory 
preferences. 
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This study show that there are potentials for incorporating legume starches into food 
products. Legume starches may effectively replace starches from other sources in food 
products, but not all of the legume starches can be applied inter-changeably, unless the 
colour of the starch could be made whiter by an enhanced purification process. 
 
 
13.6 Major conclusions  
 
The final conclusions of this study are summarised here: 
 
1. In the selection and validation of suitable methods for extraction of legume starch, 
it is important to ensure that suitable extraction procedures are applied to 
accommodate each of the legumes. 
 
2. The size of the legume grain and the thickness of seed coat can affect the 
effectiveness of the steeping process. 
 
3. The yield of starch extraction was found to vary if the conditions or techniques 
were modified, and the critical parameters affecting this include steeping, blending, 
as well as starch sedimentation and recovery. 
 
4. The physicochemical properties of various laboratory extracted starches and a 
commercial mung bean starch showed some variations but these were not 
substantial in most cases. 
 
5. The physical characteristics of the starch granules were similar with only minor 
variations, in terms of granule appearance and size distribution. Nonetheless all 
the legume starches showed patterns categorized as type C when assessed with 
XRD. 
 
6. Based upon studies of gelatinisation and paste characteristics, the results of DSC 
and RVA showed starches from different legume grains possess distinct 
gelatinisation and pasting profiles, even though the clarity and whiteness of the 
starch pastes were similar. 
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7. Sensory evaluation of the vermicelli and coconut cake showed that there were no 
strong preferences by the panelists for the products prepared with particular 
legume starches, whilst for coconut cake, colour played a very important role in 
influencing consumer preferences. 
 
8. Age and cultural background did not appear to have obvious influences in food 
preferences. Unlike the expectation that Asian panelists might find all of the 
products acceptable whilst Western panelists might have preferences for fewer 
samples. 
 
9. The findings of sensory evaluation indicate that legume starches may be 
incorporated into food formulations and therefore have the potential to replace 
starches from other sources that are commonly used. 
T 
12.8 Possible areas for future research  
 
This study has concentrated on four legume starches. These were extracted from 
chickpea, faba bean, mung bean and lentil which were selected as popular pulses grown 
both in Australia and globally. They represent summer and winter crops and are 
produced in various regions in Australia encompassing both tropical (mung bean) and 
temperate (chickpea, faba bean and lentil) agriculture. Never-the-less there are other 
legumes available commercially and in which the composition includes a substantial 
amount of starch. Whilst the current study indicates that these starches might be 
expected to have similar profiles as those found in the four selected legume starches, 
there may well be sufficient differences in properties and characteristics to impact on 
the applications and resultant attributes of foods following incorporation. Among the 
other legumes that are produced around the world known to contain starch which might 
be studied in the future are black gram, cow pea, field pea, and red gram. 
 
As emphasised in Section 6.10, the maximization of yield during starch extraction was 
not the primary objective, with the purity of the product and the simplicity of the 
method also being considered. The priority in this study has been to evaluate and apply 
a method that is relatively simple and might readily be adapted to larger scale 
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preparation conditions. There is scope to further explore the extraction of the starch and 
some of additional modifications to the current extraction method might be designed to 
increase the yield, facilitate the extraction procedures and produce an even higher purity 
starch. In the context of the apparent impact of the starches on product colour, despite 
the relative whiteness of the extracted materials, the removal of traces of pigments or 
precursors that subsequently affect the products are warranted. Other specific 
investigations that are recommended could involve reducing the initial steeping time for 
the grains, the soaking time for double blending and double sieving, trialing alternative 
types of blenders, re-slurring the collected wet starch and subjecting it to further 
sedimentation. In addition, the current studies might form the basis for work on pilot 
scale starch extraction with an emphasis on understanding the time and cost efficiencies 
as well as production yield. Another limitation of the current report is that only one 
variety of each pulse was evaluated and therefore consideration could be given to an 
investigation of the impact on yield and starch characteristics of both environmental or 
growing conditions as well as cultivars within each particular type of legume grain. 
 
In the context of starch characterisation, there are a very wide range of other analyses 
and approaches which have been reported in the scientific literature that could be 
applied to further understand the properties of the various starches. The criteria used in 
the selection of analyses reported in this thesis were oriented towards the practical 
application of the starches as ingredients in food applications. Some of the more widely 
used techniques that might be utilized in further studies include nuclear magnetic 
resonance to elucidate crystalline structure of the starch, size exclusion chromatography 
to study the molecular weight distribution and to quantify the relative proportions of 
Am and Ap, DSC to investigate the retrogradation of starch as well as texture analysis 
to compare starch gel properties. Such testing may provide further insight into the 
characteristics of the various starches, and could also be related to incorporation and the 
formulation of food products. 
 
Whilst legume grains have long been recognized as having value as components of a 
varied diet, recently there has been renewed emphasis to the potential significance of 
legume grains (Tharanathan and Mahadevamma 2003; Trevor and others 2003) as well 
as increasing knowledge on the role and value of starches in the diet. Although 
nutritional studies of starch were not within the scope of the current study, it is of 
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considerable interest to enhance knowledge in this area, thereby increasing the 
utilization of these grains and benefiting the human diet.  
 
One specific area relates to the digestibility of different starches as various studies have 
reported that legume starches are less digestible than cereal or cassava starches, but 
more digestible than native potato or high Am maize starches (Dreher and others 1984; 
Hoover and Sosulski 1985; Ring and others 1988; Socorro and others 1989; Trovar and 
others 1991). Pulse grains reportedly contain RS that may be classified as dietary fibre, 
at least under some definitions, and this has considerable health benefits through its 
effect of improving gastrointestinal functions (Liu 2005). From other studies, it has been 
suggested that pulses may have therapeutic functions (Madar and Stark 2002; 
Tharanathan and Mahadevamma 2003). Further work would be required to clearly 
establish which molecular components are responsible for particular benefits and to 
identify the roles that starch and resistant starch may have. Due to the increasing 
expectations globally in health improvement, nutritional studies will provide insights on 
the digestion and implications of legume starches for human health. 
 
Whilst the starches extracted and characterized in this study appear to provide novel 
properties which complement the ranges of starches currently available, it is noted that 
this study was restricted to native starches, which had not been subjected to any process 
of modification. Starch modification via chemical, physical, enzymatically catalysed or 
even genetic processes, may modify the properties of starch and extends opportunities 
for its usage in food applications. The investigation of modified starches was beyond the 
scope of this study, but further research could now be warranted. This would seek to 
show the potential of modified legume starch in food incorporation. 
 
The sensory investigations in this study were carried out using two food products 
selected as contrasting products. It is strongly recommended that more work be carried 
out to extend the findings reported here. Among the options for evaluation would be 
firstly to include more panelists. In particular, as unexpected results were obtained here, 
it is important to investigate the responses of consumers of varying backgrounds to the 
issue of beany flavours. It was expected that any presence of the characteristic flavours 
associated with legume grains would be unacceptable to those having western palates. 
Accordingly further evaluations should specifically include panelists from different 
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backgrounds and may enhance the understanding of taste preference of people from 
different ethnic and cultural backgrounds.  
 
A second area for further work is that more food products could be investigated, and 
these might include other traditional Asian foods including gravy, beverages and 
biscuits, as well as Western based dishes and products. This would be of value in 
confirming the applicability and the versatility of legume starches and might enable the 
substitution of the more commonly used starches in a wider range of products. 
 
Finally, it is hoped that the current studies provide impetus to continued research whilst 
contributing to the increasing utilization of legumes; the application of legume starches 
in food processing and the enhanced nutrition and health of the expanding population of 
the world. 
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Appendix 1 
 
 
Form used in sensory evaluations of products made using legume 
starches 
1 
Sensory evaluation form 
 
Product: Coconut cake Date: 28 August 2006 
 
Instructions: You are asked to mark the horizontal scale with a single cross 
(×) that corresponds to your preference on the scale of 1 to 5, 
where 1 is strongly dislike and 5 is strongly like.  
Where you are asked to select one of the five samples then 
simply circle your preference. 
Sample A, B, C, D and E. 
 
1. Appearance 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Which appearance do you like the most? 
Sample A Sample B Sample C Sample D Sample E 
 
 
2. Aroma 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Which aroma do you like the most? 
Sample A Sample B Sample C Sample D Sample E 
2 
3. Texture 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Which texture do you like the most? 
Sample A Sample B Sample C Sample D Sample E 
 
 
4. Mouthfeel 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Which mouthfeel do you like the most? 
Sample A Sample B Sample C Sample D Sample E 
 
 
3 
5. After taste 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Which after taste do you like the most? 
Sample A Sample B Sample C Sample D Sample E 
 
 
6. Overall 
 
      
      
      
Sample A 
      
      
      
      
Sample B 
      
      
      
      
Sample C 
      
      
      
      
Sample D 
      
      
      
      
Sample E 
      
 1 
Dislike 
    5 
Like 
 
Overall which sample do you prefer the most? 
Sample A Sample B Sample C Sample D Sample E 
 
7. Additional comments: 
 
 
 
4 
 
HREC Form 2a 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
Prescribed Consent Form For Persons Participating In Research Projects Involving 
Tests and/or Procedures 
 
 
FACULTY OF Applied Science  
DEPARTMENT OF Applied Chemistry  
Name of participant: 
 
Project Title: Molecular characteristics and interactions of the starch 
granules of pulse grains 
 
 
Name(s) of investigators:    (1) Dr. Darryl Small Supervisor 
 
 
Phone: 9925 2124 
 
 
Email darryl.small@rmit.edu.au 
(2) Horng Jye Lee Student Researcher 
 
 
1. I have received a statement explaining the tests/procedures involved in this project. 
 
2 I consent to participate in the above project, the particulars of which - including details of 
tests or procedures - have been explained to me. 
 
2. I authorise the investigator or his or her assistant to use with me the tests or procedures 
referred to in 1 above. 
 
3. I acknowledge that: 
 
(a) The possible effects of the tests or procedures have been explained to me to my 
satisfaction. 
(b) I have been informed that I am free to withdraw from the project at any time and 
to withdraw any unprocessed data previously supplied. 
(c) The project is for the purpose of research and/or teaching.  It may not be of direct 
benefit to me. 
(d) The confidentiality of the information I provide will be safeguarded.  However 
should information of a confidential nature need to be disclosed for moral, clinical 
or legal reasons, I will be given an opportunity to negotiate the terms of this 
disclosure. 
(e) The security of the research data is assured during and after completion of the 
study.  The data collected during the study may be published, and a report of the 
project outcomes will be provided to RMIT University Library in the form of a PhD 
thesis.   Any information which will identify me will not be used. 
 
 
Participant’s Consent 
 
 
 
 
 
 
 
Name: 
 
Date: 
 
(Participant) 
 
 
 
Participants should be given a photocopy of this consent form after it has been signed. 
 
Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics 
Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745. 
 
